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NOMENCLATURE 
PART I 
a = gas-liquid interfacial area per unit bulk >liquid 
-1 
volume, cm 
a^ = liquid-solid interfacial area per unit bulk liquid 
volume, cm 
% 
= concentration 
= bulk concentration 
= initial bulk concentration 
C = concentration at the solid surface 
s 
C* = saturated concentration 
2 D = diffusivity, cm /sec 
2 
= effective differsivity, cm /sec 
dg = true starch density, g/cm? 
E = effectiveness factor, dimensionless 
erf (x) = 2//F I e dx 
J ( 
fX „2 
0 
k^ = reaction rate constant for first order reaction, sec 
k_ = liquid phase mass transfer coefficient, cm/sec 
-1 
k° = liquid phase mass transfer coefficient in physical 
absorption, cm/sec 
W ~ water paase mass transfer coefficient, cm/sec 
kj^ Ç = CCl^ phase mass transfer coefficient, cm/sec 
^ = overall mass transfer coefficient based on water phase 
concentration, cm/sec 
iv 
kg = surface reaction rate constant, cm/sec 
m = weight of starch in the system, g 
M = Dk-/k?^, dimensionlesd 
J. lu 
n = number of starch granules per unit volume of liquid 
q = mass transfer rate per unit gas-liquid interfacial area, 
g/cm? sec 
q^ = mass transfer rate per unit solid-liquid interfacial 
area, g/cm^ sec 
Q = mass transfer rate, g/sec 
r = radius 
r_ = radius of unreacted core 
c 
R = radius of starch granule 
-1 
s = surface renewal rate in Danckwerts model, sec 
V = total liquid volume 
X = dimensionless concentration 
Greek Letters 
a = 3VCj^^/4'!TR^np, dimensionless 
3 = 4TrR De{n/V) or 3 De/d^R^ (m/V) , dimensionless 
Ô = thickness of liquid film, cm 
p = weight of bound iodine per unit volume of starch, g/cm^ 
0 = time of exposure in Higbie model, sec 
V 
PART II 
a = stoichiometric coefficient 
= concentration of component 1 
Cg = concentration of component 2 
C° = initial concentration of component 1 
Cg = initial concentration of component 2 
* 
= concentration of component 1 at saturation 
= diffusivity of component 1 
= diffusivity of component 2 
d(y) = thickness of boundary layer as a function of the dis­
tance from the leading edge 
fp = reaction conversion for plug flow 
fj^ = reaction conversion for laminar flow 
= dimensionless concentration of component 1, C^/C° 
F2 = dimensionless concentration of component 2, Cg/Cg 
h = step size in x direction 
k = step size in y direction 
k^fkgfkg = reactio rate constants in Michaelis-Menten equation 
^M1'^M2 ~ Michaelis-Menten constants 
1 = length of the entry region 
L = length of the active surface 
m = grid point index in y direction 
M = total number of steps in y direction 
n = grid point index in x direction 
N = total number of steps in x direction 
vi 
Rj = K„2/Cf 
Re5 = Reynolds number^ v^^^S/v 
v_, = average velocity 
aVg 
V = velocity at the free film surface 
max 
X = distance into the liquid film 
X = dimensionless distance, X/ô 
y = distance into the direction of flow 
Y = dimensionless distance, y/L 
Greek Letters 
"l 
= 
^1 
= 6k^/Dj^C° 
^2 6k2/D2C° 
3' 
1 
Skj/Dj^cJ 
H 6k3/D2C| 
s = thickness of the liquid film 
V kinematic viscosity 
1 
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PART X. 
OXYGEN ABSORPTION IN CATALYTIC AND 
ENZYMIC GLUCOSE OXIDATION 
2 
1. INTRODUCTION 
1.1. Statement of the Problem 
Gas-liquid absorption in the presence of solid materials 
occurs frequently in industrial chemical processes. The 
examples are absorption of COg into aqueous suspensions of 
solid MgO for the manufacture of MgCOg (30), absorption of CO^ 
in aqueous suspension of CaS in sulfur production, absorption 
of Cl^ into aqueous suspension of starch for starch chlorina-
tion, heterogeneous catalytic air oxidation of toluene to 
benzoic acid (13), and liquid phase hydrogénation of hydro­
carbons in the presence of heterogeneous catalysts (12,26,24, 
29). There are also examples in biological processes such as 
oxygen absorption in fermentation and biological waste water 
treatment. 
In all these examples, the solid material involved, 
whether it is a reactant, catalyst or microorganism, plays an 
active role in its respective absorption process. 
The gas-liquid absorption can be classified in the 
following manner; 
(1) physical absorption 
(2) chemical absorption 
(2-1) absorption with homogeneous chemical reaction 
(2-2) absorption with heterogeneous chemical reaction 
The difference between (2-1) and (2-2) can be summarized as 
3 
follows: 
Homogeneous 
(1) Solid material in 
liquid 
yes no 
(2) Interfaces gas-liquid gas-liquid 
liquid-solid 
(3) Interface at which gas-liquid 
chemical reaction 
occurs 
liquid-solid 
Categories (1) and (2-1) have long been an important subject 
in chemical engineering and a great deal of research has been 
done as summarized in the recent books by Astarita (1) and 
Danckwerts (6). 
However no particular attention was paid to the effect of 
particles (solid material) on the absorption processes of 
category (2-2), probably for the following reasons; 
(1) Absorption with heterogeneous chemical reaction has 
been regarded as two separate processes, the physical 
absorption and the reaction on the solid surface. 
Examples of such analysis are reported by Sherwood 
and Parkas (29) and Davis et al. (12). 
(2) Absorption with heterogeneous chemical reaction may 
be analogous to the process with homogeneous reaction 
with regard to absorption rate if the size of the 
particles is small enough to maintain a well mixed 
suspension in the liquid. 
4 
Tsao (33) has reported that these reasons may not be 
appropriate in many cases including oxygen absorption in the 
presence of microbial cells. Since the absorption and the 
reaction on the particles cannot be separated, the particles 
will directly affect the mass transfer at the gas-liquid inter­
face. Such an effect will be even more distinctive if the 
particles have the tendency to accumulate at the gas-liquid 
interface such as the microbial cells. 
Despite the fact that there have been many experimental 
studies on absorption testing the basic theories of mass 
transfer (10,27,34) there has been no experimental work in 
which the effect of a heterogeneous chemical reaction is tested. 
Therefore a question still remains whether the mass transfer 
theories which are based on homogeneous chemical absorption is 
applicable to heterogeneous chemical absorption. 
1.2. Mass Transfer Mechanism in Absorption Involving Particles 
1.2.1. Series-of-Resistance Analogy 
Absorption in a system involving small particles has been 
conventionally analyzed by a series-of-resistance analogy (29, 
12). In the analysis using Whiteman's film theory, there are 
5 possible resistances in series as follows (Figure 1): 
Step 1: Transfer through gas film (R^) 
Step 2: Transfer through liquid film (Rg) 
Step 3; Transfer through bulk region (R^) 
5 
BULK 
UÛUIDFILM1 
REACTION 
Figure 1, Mass transfer resistance in gas-liquid-solid 
system 
6 
Step 4: Transfer through liquid near solid particle (R^) 
Step 5: The reaction at liquid solid interface (Rg) 
It is important to note that step 2 is considered separately 
from the chemical reaction at step 5. 
Thus, by an analogy with the electrical resistances in 
series, the total resistance, R^, becomes, 
Rp = Ri + Rg + Rg + R* + Rg (1-1) 
Neglecting the gas film resistance and the resistance in bulk 
region and expressing each resistance in terms of the system 
parameters one can obtain the following equation if the 
chemical reaction at the solid surface is first order. 
§- = -^ + ^ (1-2) 
^ ^L^p ks^p 
where a, a^ are respectively, the gas-liquid and the liquid-
solid interfacial area per bulk liquid volume, k^ the surface 
reaction constant, and q^ the mass transfer rate per bulk 
liquid volume. 
Equation (1-2) has been the working equation in conven­
tional absorption studies and it can be further simplified 
depending on the particular system under consideration. The 
major significance of the conventional analysis based on the 
concept of sequential but non-interacting resistances is the 
fact that it allows the simplification that one can determine 
7 
the overall rate of absorption by studying the individual steps. 
However, if the size of the particles are smaller than the 
film thickness, (Liquid film 1 in Figure 1) it is quite pos­
sible that the particles are submerged partially or totally 
inside the liquid film. And if the submerged particles take 
up the dissolved gas inside the liquid film they will change 
the concentration gradient in the film, and consequently will 
change the mass transfer because the mass transfer coefficient 
depends entirely on the concentration gradient at the inter­
face. An aerobic fermentation process can be used as an 
illustration. The size of a bacterial cell lies between 0.5 x 
-4 -4 10 and 3 X 10 cm. The mass transfer coefficient in the 
—3 —2 fermentation process is 10 10 cm/sec and the diffusively 
of oxygen in water is in the order of lO"^ cm^/sec. 
Employing the Whitman's film theory, the film thickness, 
6 should lie in the order of 10 'v- 10 cm noting that 
This example clearly shows that the size of the cells 
(particles) is smaller than the film thickness. In an absorp­
tion system under the above conditions. Step 2 and Step 5 are 
not independent and Equation (1-2) loses its linearity. Con­
sequently, the series-of-resistance analogy is no longer an 
appropriate analysis of such absorption systems. This will be 
particularly true if the reaction and the mass transfer through 
8 
liquid film at gas-liquid interface are the controlling 
resistances. 
One of the objectives of this research is to test experi­
mentally whether the two resistances are independent in 
heterogeneous chemical absorption. 
One can express the absorption rate (flux) across the 
liquid film at the gas-liquid interface as 
q = k? (C* - C ) (1-4) 
^ b 
If the chemical reaction (Step 5) and the mass transfer through 
liquid film (Step 2) are independent, the maximum absorption 
o * 
rate will be k^C . An observed absorption rate higher than 
k°C will be an evidence of interaction between the reaction 
and the liquid film mass transfer (Step 2 and Step 5). 
1.3. Theories of Homogeneous Chemical Absorption 
Absorption with homogeneous chemical reaction has been 
intensively studied both theoretically and experimentally. 
An alternative for analyzing the heterogeneous chemical 
absorption is to consider the system as a homogeneous one. It 
is believed that no such attempt has been made in the analysis 
of heterogeneous chemical absorption. The relative size of the 
solid particle and the liquid film thickness should be the 
major factor for one to consider in choosing between the two 
proposed methods of analysis, the series of resistance analogy 
9 
and the assumption of homogeneous reaction. 
Xn this research an attempt is to be made to examine 
whether the homogeneous assumption is valid in the analysis of 
heterogeneous system. For the sake of later discussion the 
theoretical aspects of homogeneous chemical absorption will be 
introduced in brief. 
1.3.1. Film Model 
The film model of interface mass transfer was proposed by 
Whitman (35) in 1923. It pictures a stagnant film of thickness 
6 at the surface of the liquid next to the gas, while the rest 
of the liquid is kept uniform in concentration by agitation. 
The absorption rate per unit interface area (absorption flux) 
in the film theory is given by 
1 = -°(li)x=0 • 
If there is no chemical reaction, the physical absorption mass 
transfer coefficient, k°, is defined by 
Combining (1-5) and (1-6) one can derive 
k° = f (1-3) 
Hikita and Asai (18) showed that the enhancement factor, E, 
defined as the ratio of the absorption rates with and without 
chemical reaction, for the first order irreversible chemical 
10 
reaction is 
(coshVM (1-7) 
where 1 (1-8) 
If Cb = 0 
(1-9) 
tanh/M 
1.3.2. Surface Renewal Model 
According to Danckwerts (6), the surface renewal models 
take as their basis the replacement at intervals of elements of 
liquid at the surface by liquid from interior which has the 
local mean bulk composition. While an element of liquid is at 
the surface and is exposed to the gas, it absorbs the gas as 
though it were quiescent. The replacement of liquid at the 
surface by fresh liquid of the bulk composition might be brought 
about by turbulent motion of the body of the liquid. 
Higbie Model 
According to the surface renewal model originally proposed 
by Higbie (17), every element of the surface is exposed to the 
gas for the same length of time, 6, before being replaced by 
liquid of the bulk composition. The relation between 6 and k°. 
11 
the mass transfer coefficient in physical absorption is given 
by 
1 o q 
= 2 (1-10) 
The effect of chemical reaction in Higbie model was first 
studied by Danckwerts (8) who showed that 
q 
f—~n fkiG -k, 9^ hfê + 1/2) (1-11) 
for a first order irreversible reaction with Cb = 0. 
Combining (1-9) and (1-10) 
g = IT 
4/M 
4M ^  1 
— + 2 erf [2jf| + M (1-12) 
°^1 IT 
where M = —^ or ^ k^^G 
Thus the enhancement factor, E, is 
E = IT 4/M. 
4M 
TT I) 2 M -4M/ir TT ® (1-13) 
Danckwerts Model 
The panckwerts model (7) is based on Higbie's transfer 
mechanism with one modification. Instead of assuming that all 
the liquid elements in Higbie model have the same exposure time. 
12 
6 ; it supposes that the chance of an element of surface being 
replaced with fresh liquid is independent of the length of 
time for which it has been exposed to the gas at the interface. 
This leads to a stationary distribution of time of exposure 
with the following distribution function, f(0) 
f(0) = se'sG (1-14) 
where s is the surface renewal rate and it physically means 
the fraction of the surface region which is replaced by fresh 
liquid in unit time. 
In Danckwerts Model, the absorption rate is calculated 
from the results of the Higbie Model. 
'Danckwerts SHigbie 
From equations (1-10) and (1-15) one can obtain the following 
for physical absorption 
k? = /Ds (1-16) Jj 
The effect of chemical reaction on this model was also studied 
by Danckwerts. The enhancement factor for an irreversible first 
order reaction with = 0 becomes 
E = /I+M (1-17) 
13 
where M = or ^ . 
All these models have single parameters, namely the film 
thickness (6) for film model, time of exposure (0) for Higbie 
Model and surface renewal rate (s) for Danckwerts Model. 
The parameter accounts for the hydrodynamic condition of 
the system and it can be estimated by physical absorption rate 
data as it is illustrated by equations (1-3) , (1-10) and 
(1-16). 
There are more complex models involving more than one 
parameter like the film-penetration model proposed by Toor and 
Marchello (31). In this model the liquid in a film of definite 
thickness is mixed to uniform concentration at intervals. 
Consequently this model has two hydrodynamic parameters which 
cannot be estimated simply from the physical absorption rate 
data. 
For this reason the previous three simple models have had 
more practical applications than any other models. Also in 
this work those three basic models will be considered. It may 
be interesting to note that although the three models have 
completely different basis in the transfer mechanisms. 
Danckwerts (6) pointed out that the calculated enhancement 
factor values are almost the same, the maximum discrepancy 
among the three models being only a few percent for first order 
irreversible reactions. 
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1.4. Experimental Studies on Homogeneous Chemical Absorption 
There have been experiments specifically designed to test 
the ability of the models in predicting the effects of chemical 
reaction on absorption rate. 
Danckwerts et al. (10) absorbed CO^ into alkaline solution 
in a packed column and found that both Higbie and Danckwerts 
models predicted the absorption rate within 10%. Richards 
et al. (27) absorbed CO^ into carbonate-bicarbonate buffer 
solutions containing arsenite ion as a catalyst in a packed 
column. In this solution COg undergoes a pseudo first order 
reaction and the kinetic constant is proportional to the con­
centration of the catalyst. The results confirm that the rate 
of absorption can be predicted by the Danckwerts model. 
Danckwerts and Gillham (9) showed that both surface 
renewal models successfully predict the rate of absorption of 
COg in alkaline solutions. 
Overall, the experimental results agree fairly well with 
all the three basic models. However, according to Danckwerts 
(6) in many circumstances the differences between the pre­
dictions on the basis of the three models are less than the 
uncertainties of the values of the physical quantities such as 
diffusivity used in the calculation. Therefore as far as the 
accuracy of the prediction is concerned no particular preference 
has been found among the three models from experimental tests. 
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Apparently no attempt has been made to test the models with 
heterogeneous reaction. 
1.5. Objectives of the Research 
Objectives of this research are: 
I. To verify experimentally whether the absorption theories 
based on homogeneous chemical reaction are valid for the 
absorption with heterogeneous chemical reaction by the 
following procedure. 
(1) Study of the kinetics of glucose oxidation in water 
phase with an enzyme and a platinum-on-carbon 
catalyst. 
(2) Measurement of the rate of oxygen absorption into 
glucose solutions without chemical reaction in a 
stirred cell. 
13) Measurement of the rate of oxygen absorption with 
the catalytic and enzamic reactions under identical 
conditions. 
C4) Evaluation of the enhancement factors from the 
experimental results of (3) and (4). 
(5) Calculation of the enhancement factors on the basis 
of three basic absorption models. 
(6) Comparison of the results of (4) and (5). 
16 
II. Experimental study on the direct effect of reacting 
particles on mass transfer coefficient in heterogeneous 
chemical absorption testing the feasibility of the series 
of-resistance analogy. 
III. Experimental study of the effect of reacting particles 
at the liquid-liquid interface. The system chosen here 
is the transfer of iodine from a carbontetrachloride 
solution to a potassium iodide aqueous solution in the 
presence of starch granules. As a supplementary work the 
effective diffusivity of iodine in the starch granule 
is to be measured. 
17 
2. EXPERIMENTS WITH CATALYTIC AND ENZYMIC REACTION 
2.1. Reaction of the System 
Glucose air oxidation was chosen for this study for the 
following reasons: 
(1) The reaction takes place in aqueous solution at 
moderate temperature with a platinum-on-carbon 
catalyst or an enzyme named glucose oxidase. 
(2) Oxygen can be readily supplied from air to support 
the reaction. 
(3) The oxygen concentration in water can easily be 
T 
measured by an oxygen analyzer. 
(4) The reaction rate can be continuously measured by 
the acid titration in the batch. 
C5I The kinetic constants of the catalytic and enzymic 
reactions are proportional to the amounts of the 
catalyst and enzyme. 
The reaction is known to proceed in two steps: 
Step 1; Glucose + j ^2 ^  Lactone (catalyzed by platinum 
or enzyme) 
Step 2: Lactone + H^O -+ Gluconic Acid (spontaneous) 
Step (2) is instantaneous at pH above 8.0, where one can con­
sider the reaction as a single step reaction. 
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2.2. Experimental Methods 
2.2.1. Measurement of Oxygen Absorption with Heterogeneous 
Chemical Reaction 
A tall wall flask (8.5 cm ID x 18 cm H) was used as a 
reaction vessel. The temperature in the vessel was kept 
constant within 1®C in a constant temperature bath. The 
reaction was carried out for about one hour before taking data 
to remove the possible error induced by the unsteady state 
behavior of the two step reaction. 
The volume of water in the vessel was 500 ml and the 
initial amount of glucose was 20 g throughout this study. 
The conversion of reaction in terms of glucose was less 
than 5% during the period of each experimental run, in which 
case the effect of glucose concentration on reaction rate was 
negligible. The liquid was agitated by a magnetic stirrer at 
a constant speed of 300 +20 RPM. 
The platinum-on-carbon catalyst used in this experiment 
was prepared in the laboratory according to the procedure given 
by Heyns and Paulsen (16). The mean size of activated carbon, 
manufactured by Atlas Power Co., was approximately 5 micron 
with wide size distribution (1 25 micron) as shown in the 
microscopic picture (Figure 2). The enzyme was a powdered 
glucose oxidase manufactured by Miles Laboratories, Inc. by the 
brand name of Dee-0. The amount of enzyme expressed in this 
experiment was the weight of the powdered enzyme. 
19 
i 
A 
10 Micron 
Figure 2. Activated carbon particles 
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The oxygen concentration was measured by a Beckman oxygen 
analyzer. pH of the reaction system was controlled by the 
automatic addition of a sodium hydroxide solution using the 
device described in the experimental section. The amount of 
dilute sodium hydroxide solution (0.05 N) added to the vessel 
to neutralize the gluconic acid was measured over appropriate 
time intervals. Five to ten points were taken in each run and 
- i-\ 
the rate of NaOH addition was calculated by least square method 
b 
using the Omnitab version of the University computer. The rate 
of oxygen absorption was calculated by stoichiometry. Then, 
the liquid phase mass transfer coefficient, k^a, was evaluated Lt 
by equation (1-18). 
Rate of Absorption = Vk^a(C*-C^) (1-18) 
where C* is the interface concentration of oxygen, which was 
assumed to be the solubility of the oxygen neglecting the gas 
phase resistance, 
2.2.2. Measurement of Mass Transfer Coefficient in Physical 
Absorption 
The reaction vessel was filled with distilled water. The 
temperature and the stirring speed were kept the same as those 
used in the runs with chemical reaction. The dissolved oxygen 
was driven off to less than 10% of the saturation by bubbling 
nitrogen into the bulk. Then the change of the oxygen concen­
tration was traced by the oxygen analyzer and recorded. 
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From the material balance of oxygen in the vessel one can 
obtain the following relation 
C*-C. ^ 
An _* ° = k°a t (1-19) 
^ ^bo ^ 
where is the initial bulk concentration. k°a was esti-
C*-C. 
mated by the slope of the plot of Zn „— versus t. The 
^ "^bo 
slope was also obtained by least square method using the 
Omnitab program. 
2.2.3. Determination of Reaction Rate Constants of the 
Pseudo First Order Reaction 
The glucose concentration does not change appreciably. 
Thus the overall reaction rate can be expressed in terms of 
oxygen concentration only. 
Assuming that the overall reaction rate is first order 
in terms of oxygen (i.e. pseudo first order) one can set up the 
following material balance; 
Input = V k^ a (C*-C^) 
Output = 0 
Depletion = V k, Cy 
b 
'1 ^b 
d& 
Accumulation = V 
dC 
air = a <c*-cb) - H S (1-2°) 
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By blocking the air-water interface in the vessel one can make 
the absorption term zero in equation (1-20), which leads to the 
following expression 
C 
&n = k, t . (1-21) 
^b ^ 
The interface was blocked by covering a rubber plate on top of 
the reaction vessel and liquid was filled so that the liquid 
surface was directly in contact with the rubber plate and no 
air pocket was allowed under the rubber plate. 
The oxygen concentration in the bulk was traced and 
recorded after the catalyst or the enzyme was introduced into 
the agitated bulk through a syringe. A typical recorder curve 
is shown in Figure 3. 
The first order of the reaction was checked by the 
C 
linearity in the plot of An versus t. The least square 
% 
method was used to estimate the reaction constant. 
2.3. Apparatus 
Oxygen Analyzer 
A Fieldlab oxygen analyzer (manufactured by Beckman 
Instruments, Inc.) was used for the measurement of oxygen con­
centration. It had the built-in temperature correction device. 
The response time was less than ten seconds. 
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,OXY<3£N CONCamWlTION, % SATlAATtON 
Figure 3. The change of oxygen concentration in catalytic 
glucose oxidation without oxygen supply 
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pH Control Device 
A pH control device including the pH Recording Electro­
meter manufactured by Heathkit Company, a contact switch, a 
relay and a pump of a constant flow rate is shown Figure 4. 
The pH meter was capable of setting the whole span in the 
recorder to cover one pH unit at the highest sensitivity. A 
contact switch was mounted on the recorder of the pH meter at 
the position where the desired pH reads. Two junctions, one 
from the contact switch another from the pen-holder of pH 
meter, were connected to the relay which leads to the constant 
flow pump. 
As the reaction proceeds, the pH decreases. When the pen­
holder of the pH recorder touches the fixed contact switch, the 
relay activates the pump which adds the caustic solution into 
the vessel to neutralize the acid formed by the glucose oxida­
tion. The recorder was set to cover two pH units over the 
whole span in all experiments. This on-off control device 
allowed a control of the pH within + 0.05 of the set-point. 
Apparatus for Reaction Rate Measurement 
This unit consisted of a tall wall flask (8.5 cm ID x 
18 cm H) with a rubber plate on top as shown in Figure 5. 
Through the rubber plate an oxygen analyzer probe and a syringe 
were inserted. The syringe was used to introduce the catalyst 
or enzyme. The liquid surface was in direct contact with the 
25 
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Figure 4. Absorption rate measurement setup in catalytic and 
enzymic glucose oxidation 
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Figure 5. Apparatus for kinetic study 
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rubber plate during the operation. The vessel was kept in the 
constant temperature bath and the liquid was agitated by a 
magnetic stirrer. 
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3. EXPERIMENTAL RESULTS 
3.1. The Effect of Catalyst Concentration on the Liquid Phase 
Mass Transfer Coefficients 
The values of k^a at various catalyst levels are shown in 
Table 1 and Figure 6. Saturated oxygen concentration of water 
of 5.6 ppm at 35°C (14) was used to compute k^a from absorption 
rate. Here the factor a is considered constant since the 
surface area was supposedly kept constant by keeping the agita­
tion speed constant and also all the other geometric arrange­
ments consistent. The surface of the liquid was fairly flat 
with little ripples, k^a increases sharply at lower level of 
catalyst and levels off soon. The increase was almost 200% of 
the value of physical absorption. The bulk oxygen concentra­
tion was close to zero during most of the experimental runs. 
The extrapolation to zero catalyst level closely matches 
with the value of physical absorption of pure water under the 
identical experimental conditions. 
3.2. The Effect of Catalyst Concentration on k^a at High 
Catalyst Loading and Elevated Temperature 
The same absorption experiment was reported with high 
catalyst loading at 50°C. k^a still increased smoothly without 
sharp break. The slope in the log-log plot was about 0.7 
(Figure 7 and Table 2). 
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Table 1. The effect of catalyst concentration on kj^a 
Experimental Conditions 
Temp. 35®C 
pH 10.0 
Agitation 300 RPM (Magnetic Stirrer) 
Initial Glucose concentration 40g/liter 
Catalyst Platinum on carbon (Lot #1) 
Catalyst Absorption rate Og level kj^a 
(g/liter) (mg O^/min.) (% saturation) (min. ^) 
0 . 0 5 6  0 . 0 8 8  3 3  0 . 0 3 7  
0 . 0 7 0  0 . 1 0 9  3 2  0 . 0 4 5 1  
0 . 1 1 0  0 . 1 5 0  1 8  0 . 0 5 1 6  
0 . 1 6 8  0 . 2 0 5  6 . 5  0 . 0 6 1 8  
0 . 2 2 4  0 . 2 4 2  5 . 6  0 . 0 7 2 3  
0 . 3 4 0  0 . 2 9 7  to
 
00
 
0 . 0 8 6 2  
0 . 5 0 0  0 . 3 1 0  2 . 8  0 . 0 9 0 0  
0 . 9 0 0  0 . 3 1 8  to
 
00
 
0 . 0 9 2 4  
Note: 
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Figure 6. The effect of catalyst concentration on k^a 
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Table 2. The effect of catalyst concentration on k^a at high 
catalyst loading and elevated temperature 
Experimental Condition 
Temp. 50®C 
pH 10.0 
Glucose concentration 40g/liter 
Agitation 300 RPM 
Catalyst 
(g/liter) 
Absorption rate 
(mg Og/min.) 
k^^a 
(min. 
2.0 0.396 0.141 
3.0 0.446 0.159 
4.0 0.693 0.248 
6.0 0.743 0.269 
9.0 1.120 0.400 
12.0 1.396 0.499 
18.0 1.624 0.580 
24.0 1.555 0.555 
3.3. The Effect of Enzyme Concentration on kj^a 
Table 3 and Figure 8 show the results of the oxidation 
with the enzyme concentration which also level off at high 
concentrations. The increase was not as much as the case of 
the platinum catalyst, with the maximum increase being about 
50% over physical absorption. The extrapolation to the zero 
enzyme concentration resulted in a value much less than the 
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Figure 7. The effect of catalyst concentration at high 
catalyst level at 50°C 
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Table 3. The effect of enzyme concentration on k^a 
Experimental Conditions 
Temp. 35°C 
pH 6.0 
Agitation 300 PPM (Magnetic Stirrer) 
Glucose concentration 40g/liter 
Enzyme Glucose Oxidase (DeeO) 
Enzyme conc. 
(mg/liter) 
Absorption rate 
(mg Og/min.) 
Og level 
(% saturation) 
k]^a 
(min. ^) 
123 0.0443 53 0.0259 
168 0.0517 0.0256 
208 0.0746 18 0.0256 
334 0.0750 13 0.0243 
440 0.0943 5 0.0280 
440 0.0929 5 0.0275 
700 0.1023 2.0 0.0294 
1068 0.1140 1.5 0.0326 
1640 0.1297 — * 0.0332 
2160 0.1298 * 0.0366 
2800 0.1240 * 0.0349 
3400 0.1270 * 0.0358 
7760 0.1476 * 0.0418 
* 
Less than 1%. 
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Figure 8. The effect of enzyme concentration on k^a 
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value of physical absorption. 
According to Davies and Mayers (11) non-reactive surface 
active agent reduces the mass transfer coefficient significantly. 
The enzymes are proteins in nature and commercial enzymes nor­
mally include other protein impurities which are highly surface 
active. So it is believed that the enzyme and the protein 
impurities in the enzyme product Dee-0 used in this study have 
caused a reduction in the mass transfer coefficient of physical 
absorption. This result was verified in the next experiment 
using glucose oxidase. 
3.4. The effect of enzyme concentration on k^°a 
k°a (k^a of physical absorption) was measured at various 
enzyme concentration without glucose in the solution by the 
method of section 2.22 (Figure 9). The experimental condition 
was identical to the case of enzymic reaction. 
k°a decreased sharply by 30% with a very small amount of 
enzyme and remained constant at higher levels of enzyme, but it 
did not decrease as much as the case of enzymatic reaction. 
k°a may further decrease with combined effect of glucose and 
the enzyme but it was not possible to measure k°a with both 
glucose and the enzyme present because of the reaction. k°a 
measured with glucose only (40g/liter) was not significantly 
different from the k°a of pure water. 
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Figure 9. The effect of enzyme on k°a without reaction 
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3.5. Kinetics of Catalytic Reaction 
For the purpose of comparing the experimental results with 
the theoretical results of homogeneous reaction, the overall 
reaction constant in terms of oxygen was determined at various 
catalyst levels by the method illustrated in section 2.23. The 
reaction rate constant thus determined is not the true intrinsic 
kinetic constant at the catalyst surface but it is the kinetic 
constant determined as if it were the homogeneous reaction. 
As a result the first order reaction in terms of oxygen 
was verified by the linearity in the plot of An C/C^ versus t, 
with the slope being the reaction constant (Figure 10). As 
shown in Figure 11 the first order reaction constant varies 
linearly with the catalyst concentration up to the catalyst 
level of 0.3 g/liter. Beyond this level the oxygen concentra­
tion changes too fast to trace by the present oxygen analyzer. 
The glucose concentration was fixed at 40 g/liter throughout 
the experiment. The extrapolation of the line in Figure 10 was 
necessary to calculate the reaction rate constant of high 
catalyst levels. 
3.6. Kinetics of Enzymic Reaction 
The same experiment as in the catalytic reaction was con­
ducted with the enzymic reaction. The first order reaction was 
also verified (Figure 12). The reaction constant varied 
linearly with the enzyme concentration as shown in Figure 13. 
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Figure 10. Kinetics results in catalytic reaction 
The slopes represent the pseudo first order 
reaction rate constants 
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Table 4. Pseudo first order reaction rate constants at 
different levels of catalyst 
Reaction conditions : Temp. 35'C 
pH 10.0 
Initial glucose concentration 
40g/liter 
Catalyst platinum on carbon 
Catalyst concentration 
(g/liter) 
Reaction rate constant 
(min. ^) 
0.079 
0.163 
0.300 
0.304 
0.700 
1.287 
Table 5. Pseudo first order reaction rate constant at different 
levels of enzyme 
Reaction conditions : Temp. 35°C 
pH 6.0 
Initial glucose concentration 
40g/liter 
Enzyme Glucose oxidase (Dee-O) 
Enzyme concentration 
(g/liter) 
Reaction rate constant 
-1, (min. • )  
0.061 
0.122 
0.183 
0.244 
0.296 
0.520 
0.934 
1.010 
40 
2.001 
I 
1.00 
LU 
• % M 
u. 0,50 
0.0 
0.10 0.0 0.20 
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0.30 0.40 
Figure 11. Pseudo first order reaction rate constants in 
catalytic reaction 
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Figure 12. Kinetics results in enzymic reaction 
The slopes represent the pseudo first order 
reaction rate constants. 
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Figure 13. Pseudo first order reaction rate constants in 
enzymic reaction 
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4. EXPERIMENTS INVOLVING IODINE TRANSFER WITH SORPTION BY 
STARCH 
The effect of solid particles on mass transfer through 
liquid-liquid interface was also studied. In the experiment 
the rate of iodine transfer from a carbon tetrachloride solu­
tion to a potassium iodide aqueous solution was measured with 
the starch granules suspended in the aqueous phase. Here, the 
resistances in both liquid phases should be considered as 
neither of the resistances can be neglected. The rate of 
iodine sorption by starch in Potassium iodide solution was 
measured by detecting the change of iodine concentration in the 
KI solution. 
A mathematical relation was derived based on the Cone-
shrinking model in fluid-solid reaction (23) and the effective 
diffusivity of iodine was estimated from the rate of iodine 
sorption. 
4.1. Iodine Transfer from CCl^ to Potassium Iodide Solution 
The rate of iodine transfer from the CCl^ solution to an 
aqueous KI was measured with starch granules suspended in the 
aqueous phase. The experimental setup is shown in Figure 14. 
Iodine does not dissolve in water appreciably but it does dis­
solve in the solution of iodide forming KIg. CCl^ is 
practically immiscible with water. Iodine solution in CCl^ and 
the aqueous solution of KI were the bottom and top phases, 
respectively, in a container (1000 ml Beaker). The two phases 
<o 
STIRRER 
DISC SUPPORT 
(STAINLESS STEEL 
WIRE) HgO + STARCH + kl 
(500 ml) 
INTERFACE 
PLASTIC DISC 
10 cm 
CCI^ + 
p50 ml) 
MAGNETIC STIRRER 
1000 ml BEAKER 
Figure 14. Apparatus used for measuring the rate of iodine transfer between two 
liquid phases 
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were agitated separately by a magnetic stirrer and a stirrer 
driven by a motor rotating in counter directions to prevent 
vortex formation. 
The center portion of the interface was filled with a 
plastic disk to prevent the formation of liquid droplets and 
high ripples which were found in the preliminary runs. The 
agitation speeds were fixed at 200 and 120 rpm for top and 
bottom phase respectively, with this setup a relatively calm 
and well defined interface was maintained. The KI concentration 
is an important parameter in this experiment and was kept 
constant throughout. The total iodine in water phase (free 
iodine plus iodine in starch) was titrated by iodimetry (15). 
To prevent the evaporation of iodine during titration, an 
excess amount of standard sodium dithionite solution was added 
to the sample and it was warmed up to 60°C to dissolve the 
starch granule which also acting as an indicator, before back 
titration with a standard iodine solution. The observed iodine 
transfer at various starch level is shown in Figure 15. 
The experimental conditions were summarized as follows; 
Initial iodine in CCl^ = 1.578g/350 ml 
Amount of Aqueous KI = 350 ml 
Amount of CCl^ = 500 ml 
KI concentration in water phase = 2 g/liter 
Temperature = 25°C 
Agitation: 200 rpm at water phase 
120 rpm at CCl^ phase 
90 
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70 
60 
50 
40 
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0 
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g. starch/f 
TIME, min 
15. Transfer of iodine from CCl^ to aqueous 
various starch levels in aqueous KI 
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2 Contact area = 59 cm (assuming flat interface) 
Starch: Powdered potato starch manufactured by 
Mallinckrodt Chemical Works, dried 48 hours in 
an oven at 70®C. 
Equilibrium Concentration of Iodine 
The equilibrium relation between the two phases is needed 
to separate the mass transfer coefficients (see Eq. 1-22 below) 
Table 6 and Figure 16 show the equilibrium data taken at KI 
concentrations in the aqueous phase of 2 g/liter and 4 g/liter. 
Water Phase Mass Transfer Coefficients 
The overall mass transfer coefficient in terms of water 
phase concentration and the individual mass transfer coeffi­
cients are related by the following equation (32) 
^ — (1-22) 
^L,W ^L,W ^L,C 
where ^ is the overall mass transfer coefficient, k^ ^  and 
k^ ^  are the water phase and CCl^ phase mass transfer coeffi" 
cients, respectively, and m is the slope of the equilibrium 
curve (Figure 16). In order to calculate the individual mass 
transfer coefficients from the overall coefficient, the iodine 
concentrations at the interface are necessary as well as the 
value of m. The concentrations at the interface are still 
unknown and there is no easy way to determine them. The value 
of m at operating conditions was found to be 0.1 (Figure 16). 
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Table 6. Equilibrium concentration of iodine in Aq. KI - CCI. 
at 25°C 
KI, 2 g/liter 
CCl^ phase 
(g Ig/liter) 
Aq. KI phase 
(g Ig/liter) 
KI, 4 g/liter 
CCl^ phase 
(g Ig/liter) 
Aq. KI phase 
(g Ig/liter) 
0.89 
2 . 0 2  
2.96 
3.54 
4.47 
5.74 
7.71 
0.10 
0 . 2 2  
0.34 
0.42 
0.53 
0.55 
0.64 
0.96 
1.86 
2.53 
4.00 
5.81 
7.72 
0.21 
0.38 
0.52 
0.73 
1.03 
1.25 
Thus the second term on the right side of equation (1-22) can 
be neglected. Then the water phase mass transfer coefficient 
can be calculated by the following equation. 
^L,W^ " (C*-C^) (1-23) 
where Q is the mass transfer rate determined by the slopes in 
Figure 15 and C* is the water side interface concentration 
which is at equilibrium with the bulk concentration of CCl^ 
phase. C^, the bulk iodine concentration was close to zero all 
the time. The mass transfer coefficients thus obtained are 
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Figure 16. Equilibrium distribution of iodine between carbon 
tetrachloride and aqueous solutions of potassium 
iodide at 25°C 
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shown in Table 7 and Figure 17. 
Table 7. Water phase mass transfer coefficients at various 
starch levels 
Starch concentration 
(g/liter) 
Iodine transfer rate 
(mg Ig/min) 
Water phase 
mass transfer 
coefficient 
0 2.51 0.022 
2.0 3.24 0.028 
4.0 3.94 0.035 
8.0 3.68 0.032 
12.0 4.03 0.035 
16.0 4.34 0.038 
4.2. Iodine Sorption by Granular Starch 
Starch-iodine reaction has been a subject of study by 
carbohydrate chemists ever since it was discovered in 1814. In 
their work, however, the major interest was on the detailed 
mechanism of the reaction. Practically all the research was 
based on the dissolved starch, more precisely on the amylose 
which is one of the two polymers in starch. The overall rate 
of reaction and the effect of intragranular diffusion on the 
granular starch-iodine reaction has been neglected. 
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Figure 17. Water phase mass transfer coefficients of iodine 
at various starch concentrations 
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Some of the known facts about the starch-iodine reaction 
in view of this research are as follows. 
First of all starch is not a well defined chemical. It is 
a mixture of amylose, the unbranched polymer and amylopectin, 
the highly branched polymer, the composition being widely 
different from one starch to another. 
The major portion of the iodine is actually bound by the 
amylose but amylopectin is also capable of binding small amount 
of iodine. It became clear that the blue coloration is caused 
by the amylose-iodine reaction, while the amylopectin gives 
with the iodine only a violet coloration (19). Iodine forms a 
complex with amylose as the tri-iodide (I3) in the potassium 
iodide solution but the ion is always at equilibrium with free 
iodine (I^ = I2 + I ) (15). The amount of iodine bound by a 
purified amy lose is in the range of 18 22 mg/100 mg amy lose. 
Strictly speaking the starch iodine complex is not a 
compound of a fixed stoichiometric composition and its composi­
tion depends on the reaction condition especially on the iodide 
ion concentration (15). 
Iodine sorption by granular starch is rather a complex 
process. It involves a heterogeneous chemical reaction and the 
diffusion through the starch granule. 
For such heterogeneous reaction system, any one or any 
combination of the following steps can possibly be rate-
limiting. 
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(1) diffusion of iodine (or I^) from the bulk to the 
surface of the starch particles 
(2) intra particle diffusion of iodine to specific 
reaction sites 
(3) the starch-iodine reaction. 
As a first step an experiment was conducted to test the signifi­
cance of the film resistance outside of starch granule. 
Suppose a film resistance (step 1) is controlling the following 
equation can be derived from the mass balance, assuming that 
step (2) and (3) are fast enough that the iodine concentration 
at starch surface is always zero. 
-In p— = ma k-t (1-24) 
Co P L 
where C is the iodine concentration, m is the amount of starch 
and a is the outer surface area per unit weigh of starch. 
P 
In the experiment, a known amount of granular potato starch 
was added to a potassium iodide solution (2 g/liter) containing 
known amount of free iodine (0.0838 g/liter). 
After addition and thorough mixing, liquid samples were 
taken without the starch granules at 5 seconds intervals through 
the gas dispersion tube using a vacuum suction technique. The 
concentration change immediately after starch addition is shown 
in Figure 18. 
Q 
The plot of -jin ^ versus time (Figure 19) was far from 
o 
being linear indicating that the film resistance is not the 
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Figure 18. Change of iodine concentration in aqueous potassium 
iodide solution after starch was introduced 
55 
2.0 
C - 0.0838 g Ifilter 
Kl, 2g/lifer 
STARCH 8g/liter 
LU 
ulu 
STARCH, 4g/liter 
0.0 
TIME, sec 
Figure 19. Plot of iodine concentration change after starch 
addition on a first order disappearance scale 
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controlling factor. 
4.3. Determination of Effective Diffusivity of Iodine in 
Starch Granule 
From the previous experimental study it was found that the 
liquid film resistance outside the starch granule is not the 
limiting step in the overall iodine sorption process. Besides 
this, there still remains two important steps, the starch-
iodine reaction and the diffusion through the starch granule, 
about which no detailed information is available. 
A mathematical model was developed with an assumption 
that the starch iodine reaction is very fast and the overall 
process entirely depends on the intraparticle diffusion. This 
assumption is to be justified with the experimental evidence in 
this study. This model pictures a completely reacted region 
in the starch, which widens toward the center of the granule 
as the reaction goes on and there is always a clear boundary 
between the reacted region and unreacted core. For this reason 
the model is called ash model with ash meaning the reacted 
region or unreacted core model in fluid solid reaction analysis. 
The ash model is illustrated by Figure 20. 
Mathematical Derivation 
Assuming that starch granules are spherical the rate of 
intraparticle diffusion is given by 
~ = 4ïïr^q (1-25) 
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Figure 20. The "ash" model 
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where q is the diffusional flux, N the amount of iodine 
diffused and r the radius. 
According to Pick's law of diffusion 
(1-26) 
where De is the effective diffusivity of iodine in starch 
granules. The interior of a starch particle is, of course, not 
homogeneous. The effective diffusivity is the term commonly 
employed to describe the net migration of molecules through the 
porous medium. 
Substituting Equation (1-26) into (1-25), 
Considering a partially reacted particle, both free iodine and 
boundary of unreacted core move inward toward the center of the 
starch granule. But the rate of shrinkage of unreacted core is 
much smaller than the rate of movement of iodine. The ratio of 
the rates is about the same as the ratio of the iodine con­
centration in the liquid to the bound iodine concentration in 
the starch. Under the experimental conditions, the ratio was 
found to be in the order of 1000. On this basis it is reason­
able to assume that as far as the movement of free iodine is 
concerned the boundary of unreacted core is stationary. Then 
the process is at a quasi steady state and ^  does not depend 
on the radius (over ash layer) at a given time. 
(1-27) 
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With this assumption Equation (1-27) can be integrated 
with respect to r from R to r^. 
= 4TTDeCg (1-28) 
c 
where is the iodine concentration at the surface of starch 
granules and it is equal to neglecting film resistance. 
The iodine binds with starch by the stoichiometry of the 
reaction. Therefore, 
-dN = -pd(j'n'r^) = -4iTpr^dr^ (1-29) 
where p is the stoichiometric coefficient, the weight of bound 
iodine per volume of starch. 
Combining Equations (1-28) and (1-29) and integrating 
r 
-P 
R ° ^ 
t 
dt (1-30) 
0 
A material balance can be written between the disappearance of 
iodine from the surrounding liquid and iodine in the ash 
assuming the starch granules have uniform size. Then, 
-4_v 3, V (Cj^o ~ ~ n(jTr) (R - r^)p (1-31) 
where V is the liquid volume, is the initial and n the 
number of starch particles in volume V. 
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Combining Equations (1-30) and (1-31) and rearranging, 
Cb 
[{ (l-a'Cj^Q)Cb + ]dCb = gt (1-32) 
Cbo 
where a * = —^— and g = 4ttR De (^) . 
4nR^np ^ 
Putting into dimensionless form, 
-1 
[(1-a) + X~^ dX + &nX = gt (1-33) 
3VC.^ C. 
where a = ^ , X = ^  
4 R-^n ("bo 
Equation (1-33) provides a means for checking the fitness 
of the ash model to experimental data. If the experimental 
results agree with the model, one can also obtain the effective 
diffusivity. The term a physically means the ratio of the 
amount of iodine initially added to the binding capacity of 
starch in the system and it can be calculated from the experi­
ment. Equation (1-33) can be integrated numerically and the 
plot of the left hand side of Equation (1-33) versus time should 
yield a linear correlation. From the slope of the line the 
effective diffusivity can be estimated. 
Experimental Results 
The experimental methods were exactly the same as the one 
with the liquid-liquid iodine sorption. Potato starch was used 
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in the experiment. The measured iodine binding capacity of 
potato starch was 51 mg per g of starch. This was considerably 
lower than the capacity of pure amylose (approximately 200 mg/g 
of starch). But it seems reasonable because the amylase 
content in potato starch is only around 25% (36). A total of 
11 runs were made at various a values. Typical plots are given 
in Figure 21. The correlations are reasonably good considering 
that the starch granules are not spherical and the sizes are 
not uniform as shown in Figures 23, 24. 3 can be rewritten as 
6 = (5) (1-34) 
where d^ is the true density of the swollen starch, m is the 
total starch weight. The 3 values obtained from each line in 
Figure 21 were again plotted against the starch concentra­
tion (Figure 22). A linear relationship was again confirmed 
and no particular dependence on the a values (experimental 
3De 
condition) was observed. The value of the group y was 
as* 
obtained from the slope of the line. The effective diffusivity 
can be isolated knowing the true density and the mean diameter 
of the starch. The mean diameter measured by a microscopic 
photograph (Figure 23) was 25.4 micron. The size distribution 
of potato starch is also shown in Figure 24. The effective 
diffusivity thus determined is (6.8 +0.5) x lo"® cm^/sec. 
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granule by the slope 
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Figure 23. Potato starch at swollen state 
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Figure 24. Size distribution of potato starch 
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It is important to note that the diffusivity determined in this 
method is the diffusivity in the swollen starch granule in 
which the starch is already combined with iodine. 
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5. DISCUSSION 
5.1. Test on the Series-of-Resistance Analogy 
In the series-of-resistance analogy, the whole process of 
absorption with heterogeneous chemical reaction is analyzed.by 
several independent steps (Section 1.2.1). The argument raised 
in this work was whether the individual step especially the 
mass transfer through the liquid film at gas-liquid interface 
and the chemical reaction on the solid surface can be con­
sidered as independent processes. 
In the experimental test the rate of absorption and the 
bulk concentration of oxygen were measured simultaneously in a 
stirred cell accompanying the catalytic oxidation of glucose. 
If the two individual steps are independent, the absorp­
tion rate is limited by the maximum rate of physical absorption. 
The rate of oxygen absorption measured in the experiment with 
the catalytic reaction is compared to the rate computed by 
Equation (1-4) in Table 8 and Figure 25. As indicated, the 
actual absorption rate was much higher than the predictions 
based on Equation (1-4). 
With the catalytic reaction the actual rate of absorption 
was 2.4 times of the rate of the maximum physical absorption at 
the catalyst level of 0.9 g/liter. In a similar test with a 
higher catalyst level, at a higher temperature (Table 2) the 
increase was as much as 12 times of the maximum rate of 
physical absorption. 
Table 8. Comparison of the experimental absorption rate and the absorption rate 
predicted by series-of-resistance analogy 
Catalyst Oxygen Experimental Obsorption rate by 
concentration concentration obsorption rate series of resistance 
(g/liter) (% saturation) (mg O^/min.) (mg Og/min.) 
0 0 0 0 
0. 056 33 0.088 0.089 
0.070 32 0.109 0.090 
0.110 18 0.150 0.109 
0.168 6.7 0.205 0.124 
0.224 5.6 0.242 0.126 
0. 340 
00 CM 
0.297 0.130 
0.500 2.8 0.310 0.130 
0.900 2.8 0.318 0.130 
Maximum rate of physical absorption = 0.133 mg Og/min. 
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Figure 25. Comparison of the experimental absorption rate and 
the absorption rate predicted by series-of-
resistance analogy 
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What the experimental results indicate is that the reacting 
particles increase the absorption rate not only by reducing the 
bulk concentration but also by increasing the mass transfer 
through the liquid film at the gas liquid interface. 
In this simple experiment it is clearly shown that there 
are cases in which the application of the series-of-resistance 
analogy in absorption involving heterogeneous reaction is not 
appropriate. This doesn't necessarily mean that the series-of-
resistance analogy will fail in all cases but one should be very 
careful in its application. The relative size of the film 
thickness and the particles should be an important factor to be 
considered. In this experiment the mean diameter of the 
-4 
catalyst particles was 5.0 x 10 cm and the film thickness 
computed by the physical absorption data by Equation (1-3) was 
6.4 X 10 ^ cm. 
5.2. Test of Experimental Results with Homogeneous Absorption 
Models 
The experimental values of the enhancement factor were 
obtained from the observed absorption rates with the chemical 
reaction and the physical absorption rate. The rate of physical 
absorption with the enzymatic reaction was obtained by extra­
polation to zero enzyme concentration in Figure 8 rather than 
measured for the reason explained in section 3.4. 
Enhancement factors were also calculated for all the three 
basic models of absorption, i.e. film, Higbie and Danckwerts 
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models by Equations (1-9), (1-13) and (1-17). 
The kinetic constants at each level of the catalyst and 
the enzyme were estimated from Figures 11 and 13. In the 
calculation of the dimensionless term M defined by Equation 
-5 2 (1-8), the oxygen diffusivity of 3.3 x 10 cm /sec was taken 
from the report by Wise and Houghton (37) and k° was estimated 
-1 from the physical absorption data with the value a of 0.133 cm . 
The resultant enhancement factors are shown in Table 9 and 
Figure 26 for the catalytic reaction and Table 10 and Figure 27 
for the enzymatic reaction. As illustrated, the enhancement 
factors experimentally obtained were drastically higher than 
those predicted by theoretical models, with the discrepancy 
being much higher for the catalytic reaction than the enzymic 
reaction. Hence unlike the experiments with homogeneous 
reactions (10,27,9), the models did not predict a correct 
absorption rate with the catalytic and the enzymic glucose 
oxidation in a stirred cell. As a possible reason for the 
unexpectedly large enhancement it will be pointed out that the 
small catalyst particles (5 micron mean diameter) and the 
enzyme molecules may be distributed non-uniformly at the gas-
liquid interface. In the case of the enzymatic reaction it is 
already known that proteins being surface active are often 
absorbed at the gas-liquid interface but there is no such 
information available yet concerning carbon particles. However 
it was visually observable that there were platinum-on-
carbon particles floating on the liquid surface. The reaction 
Table 9. Comparison of the enhancement factor determines experimentally in catalytic 
reaction and those predicted by the theoretical models based on 
homogeneous reaction 
Catalyst k, M E Calculated E 
— 1 (g/liter) (sec ) (dimensionless) (experimental) Film Higbie Danckwerts 
0.0 0.0 0.0 1.0 1.0 1.0 1.0 
0.070 0.0049 0.0053 1.20 1.002 1.002 1.002 
0.110 0.0077 0.0084 1.38 1.003 1.003 1.004 
0.168 0.0188 0.0129 1.65 1.004 1.005 1.006 
0.224 0.0158 0.0172 1.92 1.005 1.007 1.008 
0.340 0.0237 0.0258 2.30 1.009 1.011 1.013 
0.500 0.0352 0.0384 2.40 1.013 1.016 1.019 
0.900 0.0633 0.0690 2.46 1.023 1.029 1.034 
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Figure 26. Enhancement factors experimentally determined and 
predicted by homogeneous models in catalytic 
reaction 
Table 10. Comparison of the enhancement factor determined experimentally in enzymic 
reaction and those predicted by theoretical models based on homogeneous 
reaction 
Enzyme M E Calculated E 
(g/liter) (sec (dimensionless) (experimental) Film Higbie Danckwerts 
0.0 o
 
o
 o
 
o
 1.0 1.0 1.0 1.0 
0.123 0.0092 0.023 1.06 1.008 1.010 1.012 
0.168 0.0126 0.032 1.05 1.011 1.013 1.016 
0.208 0.0155 0.039 1.05 1.013 1.016 1.019 
0.440 0.0329 0.083 1.14 1.027 1.035 1.041 
0.440 0.0329 0.083 1.12 1.027 1.035 1.041 
0.700 0.0523 0.132 1.20 1.043 1.055 1.064 
1.068 0.0798 0.199 1.33 1.065 1.082 1.095 
1.640 0.123 0.310 1.38 1.101 1.127 1.145 
2.160 0.162 0.408 1.50 1.133 1.165 1.187 
2.800 0.209 0.527 1.42 1.170 1.210 1.236 
3.40 0.254 0.640 1.46 1.205 1.252 1.281 
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Figure 27. Enhancement factors experimentally determined and 
predicted by homogeneous models in enzymic reaction 
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rate in this case will be much faster near the interface than 
in the bulk region. This will obviously result in higher 
enhancement than the prediction based on the bulk condition. 
It is still premature to conclude that the homogeneous chemical 
absorption models are not applicable to the case of hetero­
geneous reaction by the present experimental results. However 
it will be pointed out that the condition of the interface 
region is so important in the absorption process that the 
direct application of the homogeneous models which disregard 
the surface condition could greatly mislead in the prediction 
of absorption rate. 
The important factors that should be considered in the 
absorption with a heterogeneous reaction with regard to the 
difference between the bulk and interface conditions will 
include the properties of particles such as density and size, 
the surface property of the liquid, and the wetting condition. 
The hydrodynamic condition is also important because it 
determines the time of exposure in surface renewal models 
during which the condition of surface elements are allowed to 
be changed from the bulk condition. One can expect that a 
shorter exposure time will give a closer approximation by 
homogeneous models. 
In this experiment, the time of exposure computed by 
Equation (1-10) was 1.3 sec. for catalytic reaction and 3.2 
sec. for enzymatic reaction. 
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6. SUMMARY AND CONCLUSION 
The rates of oxygen absorption in a stirred cell were 
measured with the simultaneous reaction of glucose oxidation 
which was catalyzed by a Platinum-on-carbon catalyst and an 
enzyme named glucose oxidase. 
The kinetics of the reaction was also studied, in which it 
was found that the oxygen undergoes a pseudo first order 
reaction, with the reaction rate constants being proportional 
to the amount of the catalyst or the enzyme. 
The experimentally observed enhancements of absorption 
upon chemical reaction were tested by the theoretical models 
developed on the basis of homogeneous reaction. The actual 
enhancement factors were drastically higher than those predicted 
by the theoretical models. 
As a possible reason it was postulated that the small 
catalyst particles and the enzyme molecules accumulate at the 
gas-liquid interface. Although the experimental results did 
not agree with the theoretical models it is still hard to draw 
a conclusion on the applicability of the homogeneous models in 
systems with heterogeneous reaction. It can be stated that 
absorption rates predicted by the homogeneous models based 
upon the conditions in the liquid bulk may differ greatly from 
experimental results due to a non-uniform distribution of 
reacting particles near the interface. 
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From the present experimental results the series-of-
resistance analogy was also tested. The oxygen transfer 
through the liquid film was increased by as much as 12 times of 
the physical absorption rate by the effect of the catalyst. 
This indicates that the individual steps in the absorption with 
heterogeneous reaction are not independent from each other, 
which contradicts with the basic assumption of the analogy 
analysis. 
A similar study was done with the iodine transfer through 
a liquid-liquid interface in the presence of granular starch in 
one phase. The increase in the iodine transfer with the 
increase in starch granules was also observed. No attempt, 
however, was made to compare with the theoretical models due to 
the complexity of the iodine-granular starch reaction. The 
kinetics of the reaction between iodine and granular starch was 
studied and the diffusivity of iodine in the swollen granular 
starch was estimated from the kinetic data with the aid of the 
core-shrinking model. 
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PART II 
ANALYSIS OF THE FILM FLOW REACTION ON A BIOLOGICALLY 
ACTIVE SURFACE BY A NUMERICAL METHOD 
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1. INTRODUCTION 
The film flow reaction on a surface is the basis of 
trickling filter reactors which are used in biological waste 
treatment and also find potential application in the recently 
developed immobilized enzymes (48). In either case the 
reaction takes place at the solid surface biologically acti­
vated by microorganisms or enzymes. The film flow reaction was 
studied by Atkinson et al. (2) in their mathematical modeling 
of a trickling filter and the analytical solution for the model 
was presented by the same authors for the first order kinetics 
at the surface and a method of approximate solution for the 
Michaelis-Menten kinetics (21) was also provided by Atkinson 
et al. (3). Their approximate solution was based upon the 
linearization of the Machaelis-Menten equation and it had only 
limited application. Also their mathematical analysis was 
restricted to the case where one substrate controls the rate 
of reaction. 
In the biological trickling filter operation, however, 
the oxygen is very likely the limiting component rather than 
the pollutant substrate considering that the solubility of 
oxygen in water is very low. In general two components should 
be considered simultaneously; one being oxygen and the other 
a soluble pollutant in water. It is the purpose of this work 
to present numerical solutions to the partial differential 
equations resulted from the modeling of film flow reaction 
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with non-linear (Michaelis-Menten) kinetics when a single or 
double components are controlling the reaction rate. 
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2. MATHEMATICAL DESCRIPTION OF THE FILM FLOW REACTION 
The film flow reaction on a solid support is described 
in Figure 28, in which the liquid film with constant thickness, 
ô flows over the activated flat surface. It will be assumed 
that the system is at a steady state and the liquid flow in the 
film is laminar. Since the participating components, the 
gaseous reactant (oxygen for example) and non-gaseous reactant 
(pollutant for example) are to be considered simultaneously, 
there are three possible cases as for the dependence of the 
reaction rate on the reactants: 
Case I: Gaseous reactant (referred as component 1 
hereafter) controlling the reaction rate and 
the gas being continuously supplied by 
absorption through the free film surface. 
Case 11: Non-gaseous reactant (referred as component 2 
hereafter) controlling the reaction rate. 
Case III: Both components 1 and 2 controlling the 
reaction rate. 
Mass transfer through a liquid film will be described by the 
following partial differential equations neglecting the 
diffusion in the direction of flow. 
Case I 2 
X 2 9 
where is the diffusivity of component 1. 
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Figure 28. Film flow reaction 
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The boundary conditions are 
=  C °  @ y  =  0 , 0 j < x _ < 0  ( 2 - 2 )  
@ x = o ,  o £ y £ L  ( 2 - 3 )  
ac, k,C, 
-»i = K-:+5T @ X = *' ° : y L (2-4) 
ml 1 
where are the initial and saturated concentrations of 
component 1, respectively, and and are the constants in 
Michaelis-Menten equation. 
Equation (2-2) is the initial condition. Equation (2-3) 
means that the face film surface is always saturated with gas 
component neglecting the gas phase resistance. Equation (2-3) 
comes from the fact that the reaction at the solid support 
obeys Michaelis-Menten kinetics (21). 
Expressing Equations (2-1) to (2-4) in dimensionless 
forms, one will obtain 
9F, tl-x2) (2-5) 
=  1  @ Y  =  o ,  0 _ < X < 1  ( 2 - 6 )  
Ci 
F T » —  @ X = 0 ,  0 < Y < 1  ( 2 - 7 )  i. pO — — 
^1 
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c, d.l 
where x = t,y = ^ ,  f ,  = --,a, = -= 
«%ax 
Case II 
Similar equations are obtained for Case II. The only 
difference between Cases I and II is that there is no transfer 
of component 2 across the free film surface, which is reflected 
in one of the boundary conditions (Equation (2-11)). 
The equations in dimensionless forms are 
, 3F, 
a-xh ^  ^ (2-9) 
F g  =  1  @ Y  =  o ,  o j < X < l  ( 2 - 1 0 )  
3^2 
•sTT— = O @X = o, 0<Y<1 (2-11) 
oA —" — 
@ X = 1 ,  o < Y < l  ( 2 - 1 2 )  
D,L ôk, K_p _ 
where a, = —= , 3, = — , = -7^" which C_ , k, 
°2C2 
and K^2 were defined in the same way as in Case I. 
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Case III 
Additional complexity arises in Case III due to the fact 
that the reaction rate depends on both components. According 
to Laidler (21) the reaction rate of an enzymatic reaction in­
volving two substrates can be expressed by the following 
equation. 
Cn Cg 
Reaction rate = k, (=—(y—=7^-) 
^ Kml+Ci Km2+C2 
where is the reaction rate constant. It will be assumed 
that above kinetic expression is valid in this case. Then the 
following simultaneous partial differential equations are ob­
tained. 
3F, 9^F 
(l-X ) = «1  <2-13) 
F, =1, @Y=o, 0<X<1 (2-14) 
1 — — 
* 
C. 
F ,  = — ,  @ X = o ,  0 < Y < 1  ( 2 - 1 5 )  
1 „o — — 
^1 
3F, . F, F 
âïT = " ^ I^R^+ÎY^ @X-1, 0 <Y<1 (2-16) 
„ „2, 5^2 . 
( I X )  3 Y -  -  a 2  ( 2 - 1 7 )  
F g  =  1 ,  @ Y = o ,  o < X < l  ( 2 - 1 8 )  
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^  = 0 ,  @ X = 1 ,  o < Y < l  ( 2 - 1 9 )  
9F, F, F_ 
= - agi (s-ès-) (5-&-) @X=1, o<Y<l (2-20) 3X "^2 Ri+F^' "Rg+Fg 
r , Gk] 
where g, = — , g_ = — , and a is the stoichiometric 
D^C° DjC» 
coefficient in the general two components reaction: 
A + aB ^  Products. 
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3. METHOD OF SOLUTION 
The partial differential equations given above are para­
bolic. The Crank-Nicholson six point implicit method (53) was 
used in the finite difference representation of the differen­
tial equations. The major difficulty of solution lies in the 
non-linearity of the boundary conditions (Equations (2-8), 
(2-12), (2-16) and (2-20)) at the solid surface. The detailed 
computation procedure will be illustrated for each case. The 
computer programs are included in the Appendix. 
Case I 
Figure 29 shows the determination of grid points. The 
step size and the index are h and n in x direction, k and m in 
y direction, respectively. N and M are the number of steps in 
X and Y direction. F(m,n) means F at Xn, Ym. By finite dif­
ferencing Equation (2-5) by the Crank-Nicholson six point im­
plicit method, the following systems of linear equations are 
obtained. 
Fi(n+l,m+l) + B^ F^Cn,m+l) + C^ F^(n-l,m+l) = (2-21) 
2 j< n £ N + 1 
«1 
where A = —=- , X = (n-l)h 
^ 2h'^ ^ 
+ E 1 
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Figure 29. Nomenclature for grid points 
90 
c 
" 2h^ 
^1 1 2 
^ F^(n-l,m) + (-Y + E {l-X^))F^in,m) 
a 
2h 
a 
- —^ F, (n+l,m) 
2h^ ^ 
Equation (2-7) applied at n = 1 (X = 0) will yield 
* 
Cn 
F, (l,m+l) = (2-22) 
c; 
Equation (2-6) applied at m = 1 (Y = 0) will yield 
F,(n,l) =1 1 < n < N + 1 (2-23) 
At X = 1 Equation (2-5) becomes 
a^F 
—^ = 0 (2-24) 
By a finite difference representation of (2-24), we will ob­
tain 
F^(N+2,m+l) - 2F^(N+l,m+l) + F^(N,m+l) = 0 (2-25) 
Equation (2-8) applied at n = N+1 (X = 1) results in 
F,(N+l,m+l) 
Fl(N+2,m+l) = Pi(N,m+l) - 2he^ ^ 
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By combining (2-25) and (2-26), the following equation is 
derived. 
F,(N+l,m+l) 
F^(N,m+l) - F^(N+l,m+l) = hg^^ (^+1 ,m+l) ^ (2-27) 
Equations (2-21), (2-22) and (2-27) constitute N+1 simul­
taneous equations with N+1 unknowns, F^(l,m+1) to F^(N+l,m+l), 
which can be written in the following matrix form. It is to be 
noted that all the equations except (2-27) are linear. 
Bi 
^2 ®2 ^2 
^3 ^3 
^N+1 ®N+1 
F^(l,m+1) 
Fj^(2,m+1) 
(N,m+1) 
Fj^(N+l,m+l) 
D, 
'N+1 
(2 -28)  
Equation (2-22) is equivalent to 
= 0 
El = 1 (2-29) 
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Equation (2-27) is equivalent to 
®N+1 
CN+1 = 1 (2-30) 
(N+l,m+l) 
^N+1 ^ ^ ^1 [R^+F^ (N+1 ,m+l) ^ 
From the initial condition (Equation (2-23)) to are 
readily computed at m = 1. As the initial guess of 
F (N+1,1) 
h g ^ m + l ) ^  w i l l  b e  t h e  s u i t a b l e  c h o i c e  f r o m  w h i c h  t h e  
first estimate of F^(N+1,2) is computed by inversion of the 
left hand side matrix of Equation (2-28). is continuously 
improved by iteration until it converges within the allowable 
tolerance. 
For m > 1 the same procedure is simply repeated. The 
simplified flow chart of such an iterative shceme is as follows; 
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(N+1, 1) = 1 
DO m+1, M 
STOP 
CONTINUE 
Wl " ^ ifi(Fi(N+l,m+l)) 
Assume 
N+1 
Solve the linear algebraic 
equation (24) for 
Tolerance 
If 
94 
Case II 
Cases (I) and (II) are mathematically identical except one 
boundary condition (Equations (2-7) and (2-11)). 
The finite difference representation of (2-11) involves 
F2(2,m+1) - FgfOrm+l) = 0 (2-31) 
(2,m) - F2(0,m) = 0 (2-32) 
At X = 0 Equation (2-9) becomes 
SFg 9F2 
3Y- - "2 ^  (2-33) 
Finite differencing Equation (2-33) , one can obtain 
a, 
2h' 
1 
I [Fgtlrm+l) - Fgtl.m)] = [F2(2,m+1) - 2F2(l,m+l) 
+ FgfO/m+l) + F2(2,m) - 22^(1/0^ + F^fO/m)] (2-34) 
Equation (2-35) is derived by combining (2-31), (2-32) and 
(2-34) 
1 ^2 ^2 1 ^2 (î-+ —y) F~(l,m+1) - (—y) F_(2,m+1) = (îT ~ ~5") F^ (l,m) 
^ h h ^ ^ ^ 
+ F_(2,m) (2-35) 
Equation (2-35) is equivalent to the first equation represented 
by the matrix notation (2-28) with the following relations. 
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«2 
° i ri i.2-3e) 
h 
,1 t . ^2 
= (^ 2") + -y Fg (2 ,m) 
h h 
Equations (2-21), (2-27) in which F^(n,m), and are 
replaced by ^2' siid Equation (2-35) constitute 
the complete matrix equation (2-28) also with F^(n,m+1) 
replaced by Fgfn/mH). From then on the computation procedure 
is identical to that of Case I. 
Case III 
The equations describing case III are the two simultaneous 
partial differential equations (2-13) and (2-17). The method 
of solution for this case is simply the combination of the two 
previous cases. The principal idea is that one can solve for 
F^ by the procedure in case I with initial guess of as 
F,{N+1,1) F (N+1,1) 
^ ^ 2 ^F^+F^ (N+1,2) ^ ^Rg+Fg (N+1,2) ^ ^2 solved by 
the procedure in case II with the initial guess of as 
F,(N+1,2) F,(N+1,1) 
ah3^ ^ R^+F^ (N+1,2) ^ ^Rg+Fg (N+1,2) ^ computed F^ and F^ are 
continuously improved by iteration. 
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The only difference between this and the single component 
case is that the iteration process is alternating between 
component 1 and component 2. A simplified flow chart for this 
computation is shown on the next page. 
Special case where g goes to infinity 
Since 3 accounts for the rate of reaction on the solid 
surface the concentration at the solid surface approaches zero 
as 3 values go to infinity. Then the boundary conditions 
(2-8), (2-12), (2-16) and (2-20) become 
Case I = 0 @ X = 1 (2-8a) 
Case II Fg = 0 @ X = 1 (2-12a) 
Case III F, = 0 @ X = 1 (2-16a) { 1 
Fg = 0 @ X = 1 (2-20a) 
The solution for this case is rather straight forward without 
using any iteration because all the differential equations are 
linear. 
Plug Flow Solution 
Solutions for plug flow in the liquid film can be obtained 
simply by changing the velocity term in the differential 
equations. The computation procedure is identical to the 
laminar flow case. 
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m = 1, M 
i = 1 
(N+1, m+l) = ^1 (N+1, m) 
Fg^ (N+1, m+l) II to
 (N+1, m) 
dn+1 " (N+1, m+l), F2 (N+1, m+l)) 
Solve the linear system of Equation (24) 
r F. 
i+1 
fo (1, m+l (N+1, m+l) and let 
(N+1, m+l) = F^ (N+1, m+l) 
Assume 
' 1 +1 i 
= hagg 23(^1 (N+1, m+l), F^ (N+1, m+l)) 
Solve the linear system of Equation (24) 
for F2 (1/ m+l) 'V FgfN+l, m+l) and let 
Fg^*^ (N+1, m+l) = Fg (N+1, m+l) 
If 
(N+1, m+l) - F^^ (N+1, m+l) I 
+ [Fg^+l (N+1, m+l) - F^^ (N+1, m+l) 
- Tolerance 
> 0 
COW 
~Z3 
1 ' 
TINUE 
i = i+1 
(STOP) 
* f^ (F ,F_) 
Fi F 
= r: ± 1 r £ 1 
V^l ^2 ^2 
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4. RESULTS AND DISCUSSION 
The difference equations obtained from the original partial 
differential equations were solved by the IBM-360 digital com­
puter. The computation involves repeated solution of the matrix 
equation (2-28) by the method of Thomas in Bruce et al. (4). 
The partial differential equations have the following 
dimensionless parameters 
^1 Case I; R^, 
^1 
Case II; ag, $2' ^ 2 
Case IIIÎ 012^» ^2' ^ 1' ^ 2' ^ 1' ^ 2' ^ 
^1 
The sample solution for the concentration profiles are shown 
in Figures (30) to (37). The parameter values were arbitarily 
chosen as follows. 
c; 
Case I: a, = Rj^ = — = 1, = 0.5 
^1 
Case II: = ^2 " ~ 
Case III: Eveiry parameter was unity. 
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Figure 30. Concentration profile development for gaseous 
reactant (Case I, Laminar Flow) 
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Figure 31. Concentration profile development for gaseous 
reactant (Case I, Plug Flow) 
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Figure 32. Concentration profile development for substrate 
(Case II, Laminar Flow) 
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Figure 33. Concentration profile development for substrate 
(Case II, Plug Flow) 
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Figure 35. Concentration profile development for component 2 
(Substrate) (Case m Laminar Flow) 
1 0 5  
plug flow 1.00 
0.95 
0.8 
2o.9o 
0 0.85 
I/) 
Z 0.80 
0.75 L_ 
0.0 0.4 0.2 0.6 0.8 1.0 
dimensionless length, % 
Figure 36. Concentration profile development for component 1 
(Case III, Plug Flow) 
= 0.2 
OA 
0.6 
0.8_ 
uo 
o.-i 
0.' 
0.» 
6 0.- * 
C 
107 
The solutions for plug flow was also provided. 
The shape of the concentration profile alone can provide 
important information regarding the determination of the 
controlling step between the mass transfer through liquid film 
and the reaction on the solid surface. 
Reaction Conversion per Passage 
Perhaps the more useful result will be the reaction con­
version obtained by flowing once through the film reactor rather 
than the concentration profiles itself. The conversion is 
obtained by a velocity-weighted integration of the outlet 
concentration as follows. 
r, ,• 1 rate of output out of the reactor at y=L 
Conversion - 1 - j-ate of InpGt into the reactor at y=0 
Then 
3 Conversion = 1 - j {1-x^)fY_^ dX for Laminar Flow (2-37) 
Conversion = 1 -
1 
Fy_2 dX for Plug Flow (2-38) 
0 
The conversion per pass was calculated for case II by numerical 
integration using Simpson's rule over wide ranges of the three 
dimensionless parameters as shown in Figures (38) to (40). The 
plug flow results were compared to the laminar flow results in 
the same figures. The conversion is generally higher for 
m2 LAMINAR FLOW 
PLUG FLOW 
1.00 
t o  
^ 0.10 
ZiZ 
0.1 10.0 100.0 1.0 
Figure 38.  Conversion per passage for Case II  
m2 
-- = 1.0 LAMINAR FLOW 
PLUG FLOW 
1.00 
Z 
O 
^ 0.10 
LU 
> 
z 
o 
u 
100.0 
igure 39.  Conversion per passage for Case II  
K 
m2 
= 10.0 LAMINAR FLOW. 
PLUG FLOW 
1.00 
Z 
o 
> 
z 
o 
u 
0.10-
100.0 
igure 40.  Conversion per passage for Case II  
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laminar flow than plug flow unless the parameter g has an 
extremely high value. The conversion thus calculated is not on 
the bases of equal space time (the space time is defined as the 
volume of the liquid film in contact with the active surface 
divided by the average velocity, i.e. 6L/v^^g ) since the 
average flow rate in plug flow is exactly 1.5 times of that in 
laminar flow. The actual ratio of the reaction rate in plug 
flow to that in laminar flow can be expressed in terms of the 
conversion. 
C® f f 
Reaction rate in plug flow _ 2 avg p _ ^ 5 _£ (2-39) 
Reaction rate in laminar flow ^o p - * f, 
^2 ^ avg 
where f^ and f^ are the conversion for plug flow and laminar 
flow respectively. Obviously the actual reaction rate is 
always higher in the plug flow than in the laminar flow in view 
of Figures (35) to (37) and Equation (2-39). It is also ob­
servable that the reaction rate increase in plug flow becomes 
larger as the dimensionless parameter, increases due to 
the fact that as gg increases the mass transfer through the 
liquid film becomes more important in rate controlling than the 
reaction and the flow condition affects the mass transfer in 
the film only. 
Entry Region Effect 
In the real situation of a film flow reactor, there will 
always be an entry region where the flow in the film develop 
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from an initial plug flow to a fully developed laminar flow. 
The solution for this case which is much more complex involving 
the boundary layer problem with additional dimensionless param­
eter was not attempted in this work. However the plug flow 
solutions represent the extreme case of entry region problem 
indicating the limit of the entry region effect. Therefore 
the solution with entry region lies between the solutions of 
laminar flow and plug flow, 
A criterion of the significance of the entry region effect 
can be set up from the fluid dynamic properties in the film 
flow. The thickness of the laminar boundary layer over a flat 
plate is given by the following equation (28). 
d(y) = 4.64 (2-40) 
V max 
where d(y) is the thickness of the boundary layer as a function 
of the distance from the leading edge, y, and v the kinematic 
viscosity. Thus the length of entry region, i in the film flow 
becomes 
where 
^ 21.53 (2-41) 
ôv 
Re. = 
-5 V 
Thus the ratio of the length of the entry region, A to the 
total length of the solid surface, L can be used as an index 
for the entry region effect and the following statement can be 
made ; 
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If 21 '53L laminar flow dominates over the 
entire length of the film flow and 
the entry region effect is negligible. 
If 21^53l >> 1, plug flow dominates over the entire 
length and the plug flow solution 
becomes applicable. 
Otherwise the solution lies inbetween the two solutions. 
Convergence and Stability 
The Crank-Nicholson implicit method meets the convergence 
condition given by O'Brien et al. (25) unconditionally for 
parabolic partial differential equations. Difference of 0.2% 
in the solution was observed by changing the step sizes from 
h = 0.05, k = 0.025 to h = 0.025, k = 0.0125, which is a good 
indication that the discretization error was not significant. 
The step sizes used in the computation were mostly set at 
h = 0.05, k = 0.025. The Crank-Nichoson implicit method is 
also unconditionally stable for parabolic partial differential 
equations (22). In the iteration, however, unstable situation 
was encountered for ^2/^2 9z^&tez than 10 in the computation 
of Case II. 
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5. SUMMARY AND CONCLUSION 
A mathematical model was set up for the film flow reaction 
on a biologically active surface. The resulting partial dif­
ferential equations were solved numerically by the Crank-
Nicholson implicit method. The non-linear boundary condition 
which was originated from the Michaelis-Menten kinetics of the 
surface reaction was handled by iteration. No severe stability 
problem was encountered in the iteration. The sample calcula­
tions were made for three different cases which included; 
(I) gaseous reactant being continuously absorbed and controlling 
the reaction, (II) non-gaseous reactant controlling the reaction, 
(III) both reactants controlling the reaction. 
The reaction conversion on single passage over the active 
surface was calculated for Case II over wide ranges of the 
dimensionless parameters. 
The plug flow solutions were also provided and the effect 
of the entry region was discussed. 
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APPENDIX 
APPENDIX 
C THESE ARE THE ACTUAL COMPUTER PRO^RAXS IN FORTRAN 3 LEVEL USED IN 
C THE CCMEUTATION OF PART II. 
C 
C 
C CASE (I), LAMINAE FLOW 
C GASEOUS RSACTANT CONTROLS THE REACTION 33EYIN3 MICHAELIS-MENIEN 
C EQUATION AND CONTINUOUSLY ABSORBED AT THE FREE FILM SURFACE 
C 
C FOR PLUG FLOW CHANGE THE VELOCITY INTO 
C U(I)=1.0 
c  
C 
DIMENSION X(21),Y( 41), F2(21, 41),A (21),5 (21),C (21),D (21), 
IBS (21), G(21),ITER( 41), U (21),CK (20),ETA (20),CM (20), 
2AD (20) 
N = 20 
K=4 0 
NCK=4 
N?RINT=N/10 
MPRIHI=M/10 
H=1.0/(FLOAT(M)) 
AK=1 .0/ (FLOAT (M) ) 
TOLER=0.0001 
NP=N+1 
ME = M+ 1 
DO 100 1=1,NP 
X (I) =H* (FLOAT (1-1) ) 
U (I) =1.0**2 
100 CONTINUE 
DO 1C5 1=1,MP 
Ï (I) =AK* (FLOAT (1-1) ) 
105 CONTINUE 
DO 110 1=1,N? 
F2 (1,1) =1. 0 
110 CONTINUE 
7 FORMAT (F10.0) 
ETA( 1) = 1.0 
ETA (2)=10.0 
CM (1) =1.0 
ICM= 1 
DO 510 IETA=1,2 
DC 117 ICK=1,NCK 
1 17 READ (5, 7) CK (ICKj 
DO 500 ICK=1,NCK 
A (1) =0. 0 
B (1) =1.0 
D(1) = 1. 0 
C (N+1) = 1.0 
B(N+1) =-1.0 
F2I=F2 (N+1, 1) 
ITER (1) =0 
DO 1000 J=1,M 
C 
C ITERATION STARTS 
C 
ITER (J + 1) =0 
200 D (N+1) =H*5TA (IZTA) *(r2I/ (CM (ICM) +F2I) ) 
ITER (J+ 1) =ITER (J + 1) + 1 
IF (ITER (J+1). 31.20) GO TO 510 
DO 120 1=2,N 
C(I) =CK (ICK)/(2.0*(H**2)) 
8(1) =-(2.0*: (I)+(1.0 )/AK) 
A (I) =C(I) 
D(I) =-C (I) *?2 (1-1, J) + (2,0*C (I) - ( (U (I) 
1C (I) *F2 (1+ 1 , J) 
120 CONTINUE 
BS (1) =A (1)/3(1) 
DO 130 1=2,N 
BS(I)=A (I)/(B(I) -C(I) *BS(I-1)) 
) /AK) ) *F2(I,J) 
130 CONTINUE 
G{1) =D(1)/B(1) 
DO 140 1=2,NP 
G (I) = {D(I)-C(I)*G(I-1))/{B(I)-C(I) *85(1-1)) 
laO CONTINUE 
F2(N + 1, J + 1) =G (N+l) 
DO 150 1=1,N 
F2 (N-I+ 1, J+ 1) = G{N-I+1)-5S(N-I+1)*F2 (9-1+2, J+1) 
150 CONTINUE 
DIFF=ABS(F2I-F2(N+1, J+1) ) 
F2I = F2 (N+1,J+1) 
IF(DIFF. GT. TOLES) GO TO 200 
1000 CONTINUE 
C 
C ITERATION ENDS 
C 
1 FORMAT(1H1//,T50,«CONCEKT5ATION PROFILE') 
2 FORMAT (IHO//, T15,«X=0.0«, T25, » 0. 1 ' , T 35 , • 0 . 2 ' ,T45, ' 0. 3 ' , T55 , • 0. ' 
1, T65,'O.S',T7 5,«O.ô»,î85,'0.7' ,T95,« 0.8»,T105,'0.9' ,T115,•1.0') 
3 FORMAT (1K0,T5,'Y=', F4.2, 11F10.3, 17) 
8 FORMAT (1H0//,T5,•CM = «,F6.3, T20,•STA=',F 6.3, T35, 'CK=', F10.6) 
18 FOaMAT(lHO/,T5,'N=',I4,7X,'M=',I4,7X,'TOLERENC3=', F10.5) 
WRITE (6 ,1) 
WRITE (6,8) CM(ICM), STâ (I2T A) , C K {IC K) 
WRITE (6,18) N,M,TOLEH 
WRITE (6,2) 
DO 160 C=1,MP ,HFaiNT 
WRITE(6,3) Y(J), (F2(I,J) ,I = 1,NP , NPRI NT) , I TER ( J) 
160 CONTINUE 
C 
500 CONTINUE 
510 CONTINUE 
STOP 
END 
C 
C 
C DATA 
123 
>4 la 
E5 
W 
CM in 
CM in o o o o 
u w o o o » — o o o o  
C A S E d l  ) »  L A M I N A R  F L O W  
C  S U B S T R A T E  C C N T R C L S  T H E  R E A C T I O N  O B E Y I N G  M I C H A E L I S - M E N T E N  E Q U A T I O N  
C  
c  
C  F C R  P L U G  F L O W  C H A N G E  T H E  F O L L O W I N G  
C  
C  L ( I ) = 1 . C  
C  F 2 F U R = ( F / 3 . 0 ) * ( F 2 ( l , M P ) v U ( l ) + 4 . 0 * E V E N + 2 , 0 * 0 D D + F 2 ( N P , M P ) * U ( N P ) )  
C  
C C U B L E  F R E C I S I C N  F 2 , A , B , C , D , B S , A D , F 2 I , 0 I F F , D A 9 S , T 0 L E R , G  
C I M E N S I C N  X { 1 6 1 ) , Y ( I 6 1 ) , F 2 (  4 1 , 1 6 1 ) , A ( 1 6 1 ) , 6 ( 1 6 1 ) , C ( 1 6 1 ) , 0 ( 1 6 1 ) ,  
1 8 5 ( 1 6 1 )  , G ( 1 6 1 ) , I T E R ! 1 6 1 ) , U ( 1 6 1 ) , C K { 2 0 ) , E T A ( 2 0 ) , C M { 2 0 ) , A 0 { 2 0 )  
N  =  4 0  
M  =  8 0  
N P P I N T = N / 1 0  ^  
N P K I . \ T  =  ^ / 1 0  w  
l -  =  l . C / (  F L G A T ( N  )  )  
A K = 1 . 0 / ( F L O A T ( y ) )  
T 0 L E R = C . C C a 0 C 0 1  
N P = N + 1  
PP=X+1 
C C  I C C  1 = 1 , N P  
X ( I ) = F * ( F L 0 A T ( I - l ) )  
U ( I  )  =  1 . C - X * * 2  
1 0 0  C C N T I M E  
C C  1 0 5  1 = 1 , M P  
V  ( I  )  =  A K = » ( F L J A T (  I - l )  )  
1 0 5  C C N T I K U E  
D C  1 1 0  1 = 1 , N P  
F 2 ( I  , 1 ) = 1 . 0  
1 1 0  C C N T I N L E  
7  F C P M A T ( 5 F 1 0 . 0 )  
R E A D ( 5 , 7 )  ( E T A ( I ) , [ = ! , 5 )  
R E A D ( 5 , 1 )  ( C M (  I ) , 1  =  1 , 5 )  
I C K  =  4  
1 7  F C R M A T { F l û .O) 
CO 510 IETA=2,4 
CC 117 IC=1,10 
117 READ(5,17) CK( IC) 
CC 500 ICK=1,1C 
4(1)=-CK(ICK)/(H**2) 
B(1)=1.C/AK+CK(ICK)/(H**2) 
C(N+1)=1.0 
E(N+1)=-1.0 
F 2 I = F 2 ( h + l , l )  
I T E R ( l ) = 0  
D O  I C C C  J = l f M  
0(1)={1.0/AK-CK(ICK)/(H*»2))*F2(1,J)+(CK(ICK)/(H**2))*F2(2 
I T E R A T I C N  S T A R T S  
ITER ( J + 1 ) = Û 
200 C(N+1)=H*ETA(IETA)*(F2I/(CM(ICM)+F2I)) 
ITER(J+1)=ITEk(J+1 ) + i  
25 FCRMAT(1H0,5X,'ITERATION EXCEEDS") 
I F ( I T E R ( J + l ) - 2 0 )  3 5 , 3 5 , 3 6  
3 6  W R I T E ( 6 , 2 5 )  
GC TO 510 
35 CONTINUE 
CC 120 1=2,N 
C(I)=CK(ICK)/(2.G»(H**2)) 
3(I)=-(2.0*C(I)+(U(I) )/AK) 
A ( I )=C( I  )  
C(I)=-C(I)*F2(I-1,J)+(2.0*C(I)-((U(I) )/AK))*F2(I,J) 
1C( I)*F2(I + 1,J) 
120 CONTINUE 
0S(1) = A(1>/R(1 ) 
CO 130 1=2,N 
BS(I)=JS (I)/(E( I)-C(I >*BS(I-1)) 
130 CONTINUE 
G(1)=C(1)/B(1) 
CG 140 1=2,NP 
G (  n  =  { D ( i ) - c (  I  ) * G (  r - 1 )  ) / ( B (  i ) - c {  r  j * B S (  i - i n  
1 4 0  C C N T I N U E  
F 2 ( N + 1 , J + i ) = G ( N + l l  
C C  1 5 0  1 = 1 , N  
F 2 ( N - I + I , J + 1 ) = G ( N - I + 1 ) - B S ( N - I + 1 ) » F 2 ( N - I + 2 , J + 1 )  
1 5 0  C C N T i N L E  
D I F F = C A E S ( F 2 I - F 2 { N + 1 , J + 1 ) )  
F2I=F2(^+l,J+l) 
I F ( D I F F .  G T .  T C L È R )  G G  T O  2 0 0  
1 0 0 0  C C N T I N U E  
C  
C  I T E R A T I C N  E N D S  
C  
1  F C R M A T ( 1 H 1 / / , T 5 0 , ' C 0 N C E N T R A T I C N  P R O F I L E ' )  
2  F O R M A T ( I H O / / ,  T 1 5 , ' X  =  0 . 0 ' ,  T 2 5 , • 0 . 1  * , T 3 5 , • 0 . 2 » , T 4 5 , • 0 . 3 • , T 5 5 , • 0 . 4 »  
1 ,  T 6 5 , ' G . 5 ' , T 7 5 , ' 0 . 6 ' , T 8 5 , ' 0 . 7 ' , T 9 5 , ' 0 . 8 ' , T 1 0 5 , ' 0 . 9 ' , T 1 1 5 , ' 1 . 0 ' )  
3  F O R M A T ( I H O , T 5 , * Y = ' ,  F 4 . 2 ,  1 1 F 1 0 . 3 ,  1 7 )  ^  
8  F C R M A T ( l h 0 / / , T 5 , ' C M = ' , F 6 . 3 ,  T 2 0 , • E T A = • , F 7 . 3 ,  T 3 5 ,  • C K = ' ,  F 1 5 . Ô ,  w  
l l O X ,  ' F L L G  F L O k '  )  
1 8  F C R M A T ( 1 H Û / , T 5 , ' N  =  ' , I 4 , 7 X , ' M = '  , 1 4 , 7 X , • T Q L E R E N C E = ' ,  F 1 0 . 5 )  
W R I T E ( 6 , 1 )  
W R I T E ( 6 , 8 )  C M ( I C & ) ,  E T A ( l E T A ) , C K { I C K )  
W R I T E ( 6 , 1 8 )  N , M , T O L E R  
V n R I T E  ( 6  , 2 )  
C C  1 6 C  v= l , M P  , y F R l N T  
W R I T E ( 6 , 3 )  Y { J ) ,  I F 2 ( I  , J ) , I ^ 1 , N P  , N P R I N T )  , I T E R ( J )  
1 6 0  C C N T I N U E  
C  
C  N U M E R I C A L  I N T E G R A T I O N  O F  O U T L E T  C O N C E N T R A T I O N  
C  
N P = N - 1  
C C C = C . O  
E V E N = C .  G  
C O  3 1 0  1 = 2 , N , 2  
3 1 0  E V E N = E V E N  +  F 2 ( I , M P ) * U ( I )  
C C  3 1 1  1 = 3 , N M , 2  
3 1 1  C C D = C O C  +  F 2 ( I , M P ) * U ( I  )  
F 2 F U R = ( I - / 3 . 0 ) * ( F 2 {  1 , M P ) * U (  l ) + 4 . 0 * E V E N  +  2 .  0 * 0 0 0  +  F 2 ( N P , N P j * U ( N P )  )  *  
1 1 . 5  
F 2 F R E  =  1.0 -  F 2 F U R  
4  F O R M A T ( 1 F 0 / / , T 5 ,  " F R A C T I O N  R E M A I N E D  = ' f  F 1 0 . 4 )  
5  F C R M A T ( l t - 0 / f  T 5 ,  '  F R A C T I O N  R E A C T E D  = « ,  F 1 0 . 4 )  
W R I T E ( 6 , 4 )  F 2 F L R  
k R I T E ( 6 , 5 )  F 2 F R E  
2 6  F O R M A T ( l h J , 5 X , ' C O N V E R S I O N  E X C E E D S  L I M I T ' )  
IF(F2FRE-Û.97) 45,45,46 
46 WRITE(6,26) 
GO TC 510 
45 CONTINUE 
500 CONTINUE 
510 CONTINUE 
STOP 
END 
C  
C CATA to 
C 
/ / G G . S Y S I N  D C  *  
C . O l  0 . 1  l . C  1 0 . 0  1 0 0 . 0  
C . O l  C . l  1 . 0  1 0 . 0  1 0 0 . 0  
1 . 0  
2.0 
5 . 0  
1 0 . 0  
2 0 . 0  
5 0 . 0  
100.0 
200.0  
5 0 0 . C  
ICO0.0 
C . l  
C . 2  
C . 5  
1 . 0  
2 .0  
in M H- o o o 
o • • • « • • 
• o o o VJl IV) t— 
O 
O O O I— vn N> !-• vn 
• • • O O O O »  
O O O O »  »  »  O  
ui rvj (— • o o o 
o 
S Z T  
S P E C I A L  C A S E  O F  C A S E ! I  I ) , L A M I N A R  F L O W  
C  B E T A 2 ( E T A  I N  T H I S  P R O G R A M ) = I N F I N I T Y  
C  
C  
C  
C  
C  
F O R  P L L G  F L O k  C H A N G E  T H E  F O L L O W I N G  
U ( I ) = 1 . C  
F 2 F U R = (  I - / 3 . Û  ( F 2 (  1 , M P  ) * U (  1  )  + 4 . 0 * E V E N  +  2 .  0 * O D O + F 2 ( N P , M P ) » U ( N P )  )  
C I M E N S I C N  X { 5 0 ) ,  Y ( 8 1 ) ,  F 2 ( 2 1 , 4 1 ) , A ( 5 0 ) ,  B ( 5 0 ) » C ( 5 0 ) , D ( 5 0 ) , B S { 5 0 ) ,  
1 G ( 5 0 ) , C K ( 2 0 ) , E T A ( 5 0 ) , C M ( 1 0 ) , U ( 5 0 )  
N  =  2 0  
M  =  4 0  
M P R I N T = N / 1 0  
N P R I N T = N / 1 0  
H = 1 . 0 / ( F L G A T ( N ) )  ^  
A K = I , 0 / ( F L O A T ( M )  )  t o  
N P = N  +  1  
M P - = M + 1  
C C  I C C  1 = 1 , N P  
X ( I ) = H * ( F L O A T ( I - l ) )  
U ( I ) = 1 . C - X * * 2  
1 0 0  C O N T I N U E  
C O  1 0 5  1 = 1 , M P  
Y ( I ) = A K 4 ( F L 0 A T ( I - l ) )  
1 C 5  C O N T I N U E  
C C  1 1 0  1 = 1 , N P  
F 2 ( I , 1 ) = 1 . 0  
1 1 0  C O N T I N U E  
7 FCRMAT(FIO.O) 
C C  1 1 7  I C = 1 , 1 2  
1 1 7  R E A D ( 5 , 7 )  C K ( I C )  
0 0  5 1 1  I C K = 1 , 1 2  
C  
C  
C  
A ( 1 ) = - C K ( I C K ) / ( H * * 2 )  
E ( 1 ) = 1 . C / A K  +  C K n C K ) /  
E  ( N + l )  =  1 . 0  
C ( N + l ) = C . O  
C C  l O C C  J = 1 , M  
D ( ! ) = ( ! . C / A K  -  C K ( I C K ) / ( H * * 2 ) ) * F 2 ( 1 , J )  +  ( C K ( I C K ) / ( H * * 2 ) ) * F 2 ( 2 , J )  
C { N + l ) = C . O  
C C  1 2 G  1 = 2 , N  
C ( I ) = C K ( I C K ) / ( 2 . 0 * ( H * * 2 ) )  
E ( I ) = - ( 2 . 0 * C ( I ) + ( U ( I )  ) / A K )  
A i I ) = C (  I )  
C ( I ) = - C ( I ) * F 2 ( I - 1 , J )  +  ( 2 . 0 * C ( I ) - ( ( U (  I )  ) / A K ) ) * F 2 (  I ,  J )  - C C D  
1 * F 2 ( I  +  l  , J )  
1 2 0  C C N T I M E  
B S ( l ) = A ( 1 ) / B ( 1 )  
C O  1 2 C  1 = 2 , N  
3 S ( I  ) = A  ( I )  / ( e (  n - C ( I  ) * 8 S (  i - i )  )  
1 3 0  C C N T I M E  
G ( 1 ) = C (  1 ) / B ( 1 )  
D C  1 4 0  1 = 2 , N P  
G ( I  )  =  I C  (  I  ) - C (  I ) * G (  I - i  »  ) / ( B (  n - C l  I ) * B S n - l )  >  
1 4 0  C O N T I N U E  
F2(N+l,j+l)=G(NTl) 
C O  1 5 0  1 = 1 , N  
F 2 ( N - I  +  1 , J  +  1 )  =  G ( N - I  +  1 )  -  B S { N - I  +  l ) * F 2 ( ' \ l - I < - 2 ,  J + 1 )  
1 5 0  C O N T I N U E  
1 0 0 0  C O N T I N U E  
1  F O R M A T ! i n / / , T 5 0 , ' C O N C E N T R A T I O N  P R O F I L E ' )  
2  F O R M A T ( 1 H O / / , T 1 5 , ' X = 0 . 0 ' , T 2 5 , ' 0 . 1 ' , T 3 5 , ' 0 . 2 ' , T 4 5 , ' 0 . 3 ' , T 5 5 , ' 0 . 4 ' ,  
l T e 5 , ' 0 . 5 ' , T 7 5 , ' 0 . 6 ' , T 8 5 , ' 0 . 7 ' , T S 5 , ' J . 8 ' , T i J 5 , ' 0 . 9 ' , T 1 1 5 , ' 1 . 0 ' )  
3  F O R M A T {  I h O , T 5 ,  • ¥ = • ,  F 4 . 2 ,  1 1 F 1 0 . 3 )  
8  F O R M A T ( 1 H O / / , T 5 , » E T A = I N F I N I T Y « , T 2 0 , ' C K  =  «  , F 1 0 . 6 ,  • N =  •  ,  1 1 0 ,  • M = • ,  
1 1 1 0 )  
W R I T E ( 6  , 1 )  
W R I T E ( 6 , 8 )  C K ( I C K ) , N ,  M  
W R I T E ( 6  , 2 )  
C O  1 6 0  J = 1 , M P , N P R I N T  
W R I T E ( 6 , 3 )  Y ( J ) , ( F 2 ( I , J ) , I = 1 , N P , N P R I N T )  
1 6 0  C C N T I N U E  
C  
C  N U M E R I C A L  I N T E G R A T I O N  O F  O U T L E T  C O N C E N T R A T I O N  
C  
NN=N-1 
C C D = C . G  
E V E N = C . C  
C O  3 1 0  1 = 2 , N , 2  
3 1 0  E V E N = E V E N  +  F 2 ( I , M P ) » U ( I )  
0 0  3  1 1  1 = 3 , N M , 2  
3 1 1  C C O = C C C  +  F 2 ( I , M P ) * U ( I )  
F 2 F U R = ( F / 3 . 0 ) * ( F 2 ( l , M P ) * U ( l ) + 4 . 0 * E V E N + 2 . 0 * 0 D D + F 2 ( N P , M P ) * U ( N P ) ) *  
1 1 . 5  _  
F 2 F R £ = 1 . Û  -  F 2 F U P  w  
4  F C R M A T ( l h O / / , T 5 , « F R A C T I O N  R £ M A I N E D = ' ,  F 1 0 . 3 ]  ^  
5 F C R M A T d H G / ,  T 5 , « F R A C T I O N  R E A C T E D  = « ,  F 1 0 . 3 )  
W R I T E ( 6 , 4 )  F 2 F L R  
W R I T E ( 6 , 5 )  F 2 F R E  
5 1 1  C C N T I N U E  
S T C P  
E N C  
C  
C  [ A T A  
C  
€ . 0 0 0  5  
C . O C l  
0 .002  
C . 0 C 5  
C . O l  
0 . 0 2  
C . 0 5  
C.l 
C . 2  
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c  C A S E ( I I I ) ,  L A M I N A R  F L O W  
C 
C  
C  B O T H  C C M F C N E N T S  C O N T R O L  T H E  R E A C T I O N ,  G A S E O U S  R E A C T A N T  B E I N G  
C  C C N T I N U C U S L Y  A E S O R B E C  A T  T H E  F R E E  F I L M  S U R F A C E  
C  
C  C C M F C N E N T  1  =  G A S  
C  C C M P C N E N T  2  =  S U B S T R A T E  
C  
C  
D I M E N S I O N  X ( 4 1 ) , Y ( 8 1 ) , F 1 ( 2 1 , 8 1 ) , F 2 ( 2 1 , 8 1 ) , A 1 ( 4 1 ) , 6 2 ( 4 1 ) , B 1 ( 4 1 ) ,  
1 B 2 { 4 1 ) , C 1 ( 4 1 ) , C 2 ( 4 i ) , 0 1 ( 4 1 ) , 0 2 ( 4 1 ) , 6 S 1 ( 4 1 I , B S 2 ( 4 1 ) , G 1 ( 4 1 ) , G 2 ( 4 1 ) ,  
2 C K 1 ( 2 0 ) , C K 2 ( 2 0 ) , C M 1 ( 2 C ) , C M 2 ( 2 0 ) , E T A 1 ( 2 0 ) , E T A 2 ( 2 0 ) , I T t R ( 8 1 > , U ( 8 1 ) ,  
3 A C 1 ( 2 C )  ,  A D 2 ( 2 0  )  
N = 20 
P  =  4 0  
N P = N + 1  
P P = M + 1  w  
N P R I N T = N / 1 0  ^  
M P R I N T = N / 1 0  
H = l . 0 / ( F L O A T ( N ) )  
A K  =  1 . C /  ( F L O A T ( M ) )  
T 0 L E R = C . 0 0 0 1  
I T E R ( 1 ) = 0  
C  
I C K 1 = 1  
I C K 2 = 1  
I C M 1 = 1  
I C M 2 = 1  
I E T A 1 = 1  
I E T A 2 = 1  
C K K  1 ) = 1 . 0  
C 2 P C 1 = 1 « 0  
C Z G C 1 G = 1 . Û  
E T A l ( 1 ) = 1 . 0  
R U 2 N U 1 = 1 . 0  
R f 2 K P l = 1 . 0  
C 1 S C 1 C = 1 . Û  
C M ( 1 )  =  1 . 0  
C K 2 ( 1 ) = C K 1 ( 1 ) * C 2 P D 1  
E T A 2 ( 1 ) = E T A 1 ( 1 ) * R U 2 N U 1 / ( 0 2 P D 1 * C 2 Û C 1 0 )  
C M 2 ( 1  )  =  C N 1 ( 1 ) * P M 2 K M 1 / C 2 0 C I Û  
C  
C C  l û C  1  =  1 , N P  
X ( I ) = h * ( F L O A T (  I - l )  )  
U ( I ) = 1 . C - X * * 2  
I C O  C C N T I N U E  
D C  1 0 5  1 = 1 , M P  
Y ( I ) = A K * ( F L 0 A T ( I - 1 ) )  
1 0 5  C C N T I N U E  
C C  1 1 0  1 = 1 , N P  
F  1 ( 1  ,  1 )  =  1 . 0  
F 2 ( I , 1 ) = 1 . 0  
1 1 0  C C N T I N U E  
C 1 ( 1 ) = C 1 S C 1 0  
8 1 ( 1 ) = 1 . 0  
f l ( l ) = 0 . 0  
C K N P  )  =  1 . 0  
B U N P ) = - 1 . Û  
F 1 I  =  F 1 ( N P , 1  )  
F2I=F2(hP,l) 
A 2 { 1 ) = - C K 2 ( I C K 2 ) / ( H * * 2 )  
B 2 ( 1 ) = 1 . G / A K  +  C K 2 ( I C K 2 ) / ( H * * 2 )  
C 2 ( N P ) = 1 . 0  
e 2 ( N P  )  =  - l , 0  
E S l ( l ) = f l ( l ) / B l ( l )  
B S 2 ( 1 ) = A 2 ( 1 ) / B 2 ( 1 )  
C  
C C  I C C O  J = 1 , M  
0 2 ( 1 >  =  (  1 . 0 / A K  -  C K 2 ( I C K 2 ) / ( H * * 2 ) ) * F 2 ( 1 , J )  +  ( C K 2 ( I C K 2 ) / ( H * * 2 ) ) *  
1 F 2 ( 2 , J )  
I T E R ( J + 1 ) = 0  
C  I T E R A T I C N  S T A R T S  H E R E  
C  C A L C U L A T I O N  F O R  C O M P O N E N T  1  
135 
(M 
LU 
+ 
(M 
5" 
O 
(M 
a .  
u 
<3. 
<vj 
LL 
+ 
«M 
s: 
o 
<M 
s; 
o 
(M 
IL 
y: 
< 
(m 
il 
00 
m 
* 
+ 
CM 
IL 
s: 1 * rH w 
(_) «r^ s: 1 
rH r-H o rH 
#—# 1 + M k-4 1 
rH M r»H w 
S #—4 CO 1 f-H f\J 
o O r-H 
oo 
Z z. 
i_) 
O 
* 
rvl 
CO 
— 
«—* o eu •r>» rH (M o CO f\J 
< 
* 
rv 
4(-
rH 
(/) 
CO 1- (M <r N 
-ït-
* w 1 1 z f-H * 
LL X + •— LU LL X 1—« + 
"W HH f-H rH Z w CNJ 
* * w -5 U rH 4- CJ * =) -) O 
r4 
+ o 
• 
3 
rH 
O 
* 1 
o. 
z <\J 
O 
+ rH 1 
< r—4 <VJ + 1 t—< Z n < (\J 1 H + HH w <_» H-
uu V. w r-H rH CL r-H LU CM rH 
r-H LU w r-H o o: kH w rvj LU w 
rH LL rH O II —» o rvj N X CM 
rH lOJ o * #» CO Q. 1 r-4 rH IL CNJ o •M- CO <r h-z o * rH z ^ Z O Z f—4 + < z o * rH Z \ H- #. w o <*• $-4 + » H4 •» »-H II #. + -) Z h— *. «-H O +» *. *-w 0^  
LU 11 CNJ w • HH i—* w f\J — rH OsJ f—4 -) o LU N 1—4 1—( cvj r-H 
* Il t-H fVI «—H •w Il II rH rH II •> CL * M CNi CM (NJ •«— II CM 
X 1— J£. my W PH LU M# <l LU r~i CJ LU + r-H LU <c. k- X •—< ic. t\J W rvj LU k-# <l LU INJ II + W 1 u 1 UL II Z) U _) -5 + Z) < II O 1 w 1 IL Z5 II O O u II II II * O II O £ Z O z «—4 _l tvi II II II II * Z i\i —» II CL rvi ro 1—• >r û- m 1 U. CL {\) p) »—< 
z a f—1 MW h- rH w k- rH rH H Z rH Z t- Il O Z rH W"4 M-4 1—1 h- f-H H— I—1 
LU W Z r—4 z Z z •—4 _j «w w z (M Z 
K- u »-< f—4 rH «—4 rH U O t/) a o 1^4 U r*4 U r-H u i-H <t CJ CM fM CNJ rvj OsJ W U l/> U «M 
CJ (J o CD (J O O CJ OJ O O o o o u. LJ IL u U. O o CJ LJ eu <1 U W W o OU u O 
rH rH 
o o o o o ru (M 
o (M m m OvJ ri (M rH rH ^H ^4 f-H rH 
im ii 
CM 
U U U 
G 2 ( n = ( C 2 ( I ) - C 2 ( I ) * G 2 ( I - l ) ) / ( B 2 ( 1 ) - C 2 ( I ) * B S 2 ( I - l ) )  
1 4 2  C C N T I N U E  
F 2 ( N P , J + 1 ) = G 2 ( ^ P )  
C O  1 5 2  1 = 1 , N  
F 2 ( N - I + 1 , J + 1 ) = G 2 ( N - I + 1 ) - B S 2 ( N - I + 1 ) * F 2 ( N - I + 2 , J + 1 )  
1 5 2  C C N T I N U E  
C I F F = A B S { F l I - F i ( N P , J + l ) ) + A B S ( F 2 I - F 2 ( N P , J + 1 ) )  
F 2 I = F 2 ( ^ P , J + I )  
I F C D I F F . G T . T O L E R )  G O  T O  2 0 0  
C  
C  I T E R A T I C N  E N D S  
1 0 0 0  C C N T I N U E  
1  F C F M A T ( l H l / / , T 4 5 f " C O N C E N T R A T I O N  P R O F I L E  O F  C O M P O N E N T  1 « )  
2  F O R M A T ! 1 H 0 / / , T 1 5 , ' X = 0 . 0 ' , T 2 5 , ' X = 0 . 1 ' , T 3 5 , ' X = 0 . 2 ' , T 4 5 , ' X = 0 . 3 ' , T 5 5 ,  
l ' X = 0 . 4 ' , T 6 5 , ' X = 0 . 5 ' , T 7 5 , ' X = 0 . 6 ' , T 8 5 , ' X = 0 . 7 ' , T 9 5 , ' X = C . 8 ' , T 1 0 5 ,  
2 « X = 0 . 9 « , T 1 1 5 , ' X = 1 . 0 « )  
3  F C R M A T ( 1 H 0 , T 5 , ' Y = ' , F 4 . 2 ,  I I F I O . 3 , 1 7 )  
3  F C F M A T ( 1 H 0 / / , T 5 ,  ' E T A 1 = ' , F 6 . 3 ,  5 X , ' C K 1 = ' , F 6 . 3 , 5 X , ' C M 1 = ' , F 6 . 3 )  w  
1 3  F C R M f T f l H O ,  T 5 , ' D 2 / 0 1 = ' , F 6 . 3 ,  5 X , ' C 2 0 / C i 0 = * , F 6 . 3 , 5 X , ' N U 2 / N U l = ' ,  
1 F 6 . 3 , 5 X ,  ' K M 2 / K M 1 = ' ,  F 6 . 3 »  5 X ,  ' C 1 * / C 1 0 = ' , F 6 . 3 )  
2 8  F C B M A T C I H O ,  T 5 »  ' N = ' , I 4 ,  l O X ,  ' M = * , I 4 , 1 0 X , ' T 0 L E R E N C E = ' , F 6 . 4 )  
k R I T E ( 6 , l )  
W R I T E  ( 6 , 8 )  E T A K I E T A l ) ,  C K l  (  I C K l  )  ,  C M !  (  I C M l  )  
h R I T E ( 6 , 1 8 )  D 2 P D I ,  C 2 0 C 1 0 ,  R U 2 N U 1 ,  R M 2 K M 1 ,  C I S C I O  
V * P I T E ( 6 , 2 8 )  N , P , T O L E R  
W R I T E ( 6 , 2 )  
C C  1 6 C  J = 1 , M P , P P R I N T  
W R I T E ( 6 , 3 )  Y ( J ) ,  ( F 1 ( I , J ) ,  I  = 1 , N P , N P R I N T ) ,  I T E R ( J )  
1 6 0  C C N T I N U E  
3 8  F C P M / S T  (  I H l / / ,  T 4 5 ,  ' C O N C E N T R A T I O N  P R O F I L E  O F  C O M P O N E N T  2 » )  
W R I T E ( 6  , 3 8 )  
W R I T E ( 6 , 2 )  
C C  1 6 2  J = 1 , M P , P P R I N T  
W R I T E ( 6 , 3 )  Y ( J ) , ( F 2 {  I , J ) ,  I  =  1 , N P , N P R I  N T ) ,  I T E R ( J )  
1 6 2  C C N T I N U E  
C  
C  N U M E R I C A L  I N T E G R A T I O N  
NN=N-1 
C D D = C . O  
E V E N = C . C  
C O  3 1 0  1 = 2 , N , 2  
3 1 0  E V E N  =  E V E h  +  F 2  (  I  , M P ) * U ( I )  
0 0  3 1 1  1 = 3 , N M , 2  
3 1 1  C C D = C D C  +  F 2 ( I , M F ) * U ( I )  
F 2 F U R = ( F / 3 . 0 ) » ( F 2 ( 1 , M P ) » U ( 1 ) + 4 . 0 * E V E N + 2 . 0 * 0 D 0 + F 2 ( N P , M P ) * U ( N P ) ) *  
1 1 . 5  
4  F C P M A T ( I h O / / ,  T 5 ,  ' F R A C T I O N  R E M A I N E D = «  ,  F 1 0 . 4 )  
5  F C R M A T d H O / ,  T 5 ,  « F R A C T I O N  R E A C T E D =  '  ,  F 1 0 . 4 )  
F 2 F R E = 1 . 0  -  F 2 F U R  
W R I T E ( 6 , 4 )  F 2 F U R  
k R I T E ( 6 , 5 )  F 2 F R E  
S T O P  
E N D  ^  
CO 
